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FOREWORD

This annual report is the third of a series of similar summary reports
and is a compilation of the information in the five bimonthly interim re-
ports submitted during the period July 1, 1963 to June 30, 1964. The first
summary report, submitted July 1, 1962, containeéd the results of six months
of investigation and the second summary report, submitted July 1, 1963,
contained the results of the next 12 months ?i'ElZ'eStiva 33 a4 7

This report is organized into six parts. The first part is a summary
containing the table of contents, the scope of work as defined in the con-
tract, a brief summary of the technical material in the report, and a sum-
mary of the work time of each one of the project personnel. The remﬁining
five parts contain the technical information and data and is divided into
the major technical subject areas of investigation. The major areas of
study are convenient in that it helps in defining the areas of investi-
gation for the research personnel. The major subject areas are: analysis
and performance, contacts, design, vibration and design theory. Each sub-
ject has a brief summary presented at the beginning of that part along

with a table of contents. &Q&LZQ{a,t/

" The information contained in each of the technical parts is compiled
from the various interim report sections and consequently contains the
section numbering used in that particular interim report. In order to
maintain continuity of presentation the interim report sections used to
make up each part of this report may not be in chronological order. 1In
case the chronological order is desired the tabs identifying the sections
in a given interim report are assigned a particular color. The numbering

of the interim was started with the first one covering the period of
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January and February 1962. The interim report numbers for the period of
this summary report are the 9th, 10th, 11th, 12th and 13th. The tab color
code associated with the interim reports is as follows., 9th - crange,
10th -~ rose, 1llth - green, 12th - blue, and 13th - yellow.

Thie report presents findings of investigations involving only high
current switching devices as required by the basic contract and subsequent
modifications., As instructed, the pfoposal submitted for Modification

No. 2 covered study of high voltage switching devices, but this aspect of

the work was not included in the modification when formally included in
the contract. Further expansion of the scope of work is recommended so that

characteristics of higher voltage switching devices can be studied,

covering both contactors and motor-driven switches to distribute 56
volts dc power in space vehicle circuitry.

The various sections of the interim reports are written by different
project personnel, Effort has been made to make the different sections
conform to a consistent pattern of presentation and format but inevitably
some differences exist,

The project technical personnel consist of graduate research assist-
ants who are actively pursuing M.S. or Ph.D. degrees and faculty in the
College of Engineering. It is through their effort and the technical
supervisors at the Ceorge C. Marshall Space Flight Center that this report

is possible,
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REPORT SUMMARY

The general objective pursued in this study was the development of
mathematical models which represent the various energy conversion systems
making up a power relay. The models were and are to be used to predict
the performance, to optimize various characteristics and to study ways
to obtain the greatest information from the use of such models. Also,
part of this objective involved investigating better ways to measure the
response of the hermetically sealed unit,

The scope of work, as defined in this cont%act modification, has
been divided into five areas of investigation. The subject areas of
investigation are: analysis and performance, contacts, design, vi-
bration and design thebry.

Presented in the part on analysis and performance is the use of
the transient coil current derivative along with the transient coil
current as a means of studying the influence of temperature on the
dynamic operation of the power relay. Also presented is the develop-
ment of a means to calculate the approximate armature motion of a
hermetically sealed device by taking measurements from the x - y
presentation of the transient coil current and the average transient
coil flux., Included in this part is the development of a proposed re-
lationship which allows the quantitative comparison of power relays
by including the effects of various characteristics of the unit,

In the contact area work was initiated into the determination of
the relationship between the contact material transfered and the arc

energy and also the relationship among the parameters and the arc
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energy. A numerical sélutibn for the arc energy as a function of the
arc characteristics is presented. Only a limited amount of experimental
data has been obtained to date on arc energy and material transfered.
Some theory on the "short arc" is also presented.

In design the objective was the determination of parameters that
can be optimized and relationships to represent the device. A study
of circular and square cross section cores reveals that the circular
cross section core is 1.27 times more efficient in terms of the pull
per watt. Also, presented is a study of the influence of the apex
angle of shaped pole pieces on maximum pull. The angle for maximum
pull is a function of the ratio of the working circuit reluctance to
the non-working circuit reluctance. Also included is the result of a
design modification of the 300 ampere contactor., The modification was
to determine if it is possible to eliminate the coil switching arrangement
by maximizing the pull per watt, The theoretical development indicates
that a one coil unit, with n; switching of tﬁe coil and dsing essen-
tially the same holding power as the original design, is possible, An
experimental verification of this modification is desirable because of
the assumptions that had to be made to use the existing mathematical
model.

The vibration part of this report presents the results of a thorough
study of the resonant conditions existing in the 75 ampere rotary type
relay, Different mounting arrangements have been evaluated and at
present it has been possible to shift the resonant frequency from
about 600 cps to about 1500 cps. To obtain a satisfactory unit the

resonant frequency will have to be shifted out beyond 2000 cps.
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The design theory part presents two techniques for checking the
consistency of a set of selected parameters of a mathematical model.
Also, a procedure for determining whether or not a group of relation-

ships is independent is presented.

ix



SCOPE OF WORK January 1, 1962

The work will consist of the following:

(a) Review several contactor designs presently employed for space
vehicle applications and select the most promising design for
further analysis,

(b) Analyze in detail the design to determine the parameters
which are not consistent with the requirements,

(¢) éropose a modified design which would more nearly satisfy the
required performance,

(d) The design performance of the contactor is as follows:

(1) withstand 20G or more vibration with a frequency range
of 10 to 2000 cps.

(2) That the contactor have a minimum life of 10,000 oper-
ations at rated load,

(3) Temperature limits - 65o to + 125°F.

(%) Contactor shall be contained in hermetically sealed
package.

(e) Evaluate modified design unit

MODIFICATION I July 1, 1962

1. Progress thus far has provided data from transient coil current
build=-up traces to determine the particular form of certain design re-
lationships., Because of apparent armature delay during operation, the
total function time of the armature will be divided into initial and
final periods. Each interval will have a pick-up transit time, It ap-
pears that agreement exists between theoretically developed relation-
ships and the form of the measured traces, Transient coil current decay

will be used with current coil build-up date to verify the form of the



design relationships.

2, It is the intended purpose to develop equations and from these
equations develop a mapping technique to analyze, not only the elect-
rical relationships, but also, the mechanical and contact relationships
in order to arrive at a means for determining the parameters which may
be consistent with the specification requirements, With this approach,
it is the goal from these studies to determine if a design will meet
specification requirements by analysis rather than trial and error pro-
duction, and continued testing and modification, Particular attention
will be spent, in the first few weeks of this additional effort, in
testing existing contactor designs and writing suitable performance
equations which relate mass, spring tension, and other variables.

These equations will then be used, with the design procedure which has
already been developed, to design a contactor which will withstand 20G
vibration with a frequency range of 10 to 2000 cps.

3. Contactors which were tested at rated contact current and
high inductance were found to overheat, Test runs of load on the
contacts of a given contactor under various loading of current and
inductance with several ambient temperature conditions need to be per-
formed, Information is required to determine the characteristic temﬁ-
erature equations to use in the design procedure.

k, It is the intent of this contract to be able at its completion
to specify the parameters that prevent a contactor from meeting a given
specification and also to be able to give the parameters to design a new

unit,
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MODIFICATION II July 1, 1963

a, Study of design of the thermal characteristics from extreme
low temperatures to 125°C for a relay,

b, Study of materials which influence design and those materials
which influence relay performance at extreme low temperature to 125°C
(springs, coils, insulation),

c. Attempt to design the coil of a relay for use at a temperature
range of - 85°C.to + 125°C. If this is not feasible, recommend designs
which should be recommended for use at low temperatures,

d. Continue study of the design of the mechanical system of a
relay in an attempt to design the mechanical system to reduce its su-
sceptability to vibration,

e, Continue study of a relay (or contactor) design to determine
maximum pull per watt and if possible maximum pull per watt per unit of
weight over a range of stability factors for various parameters to ob-
tain design for optimum conditions,

f. Make a study of relay contacts in an attempt to design and
specify contacts.

g. Make a study of relay design parameters to find optimum design
relationships and criteria.

h, Translate word specifications to significant design parameters.

i. Assist relay manufacturer with design or modification of design

for specific performance as required for space application,
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The academic staff of the Oklahoma State University is appointed
for nine months plus a vacation of one month for a given salary. Wwhen
a person works two months during the summer, this pay is at the rate of
ten per cent of his pay for the academic year per month, Working hours
are 4O hours per week except where vacation periods are established by
the University. Research personnel are assigned a given percentage of
their total time to a project, and relieved of other duties for the

corresponding time assigned to the project.
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SUMMARY
Part B

Analysis and Performance

The information presented in this part is the result of pursuing the
objective of trying to find better ways to obtain more and better data about
the response of a hermetically sealed power relay.

The testing techniques are essentially limited to making electrical
tests at the terminals of the device. From these tests it is desired to
obtain the mechanical, magnetic as well as the electrical response of the
device, The simultaneous presentation of the response of more than one
variable gives more accurate information so the use of the dual beam os-
cilloscope is almost mandantory. The combination of data obtained by steady
state and transient tests resultsiin much more useful information than the
data of either by itself. More complete information is obtained from the
transient data than the steady state data since the transient information
is available for all periods of the operation while the steady state is
limited to certain periods.

The first section of this part shows that the transient coil current
time derivative presented along with the transient coil current gives ad-
ditional and more conclusive information about the response of the device
than the transient coil current alone. Data of the transient response
obtained from sample open type units can be used with the transient data
from sealed units to determine mechanical and magnetic behavior of the
unit by comparing the various transient coil currents and their time

derivatives. 1In the second section of this part the coil current de-

rivative technique was used to show the possibility of obtaining infor-

mation about the influence of temperature on the spring constants and



overtravel distances of a hermetically sealed power relay.

The third section of this part is another example of the greater ef-
fectiveness of using transient information to examine the response of a
sealed unit. The unit tested was a two coil operate-one coil hold ar-

rangement and by using transient data it was possible to show that the

Some of this information would have been inpossible to obtain by a steady
state test. In fact an error in the schematic diagram was determined by
using the transient test.

The next four sections of this part presents the development of a
technique refered to as the Energy Cycle Curve. This energy cycle curve
is a presentation of the transient coil current and the transient average
coil flux as an x - y plot. The relationship between the coil current and
coil flux is the magnetic reluctance, Utilizing the transient value of re-
luctance it is possible to obtain an approximation to the armature motion
as a function of time from the energy cycle curve. This can be done on a
hermetically sealed device,

The last section of this part deals with a proposed way to quantitatively
compare the required and desirable characteristics of several possible con-
tactors. The main problem is the determinaticn of weighting factors to

|
control switch used to switch the coil malfunctioned on certain occasions.
associate with the parameters being considered.
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SECTION IIT

CONTACTOR EVALUATION BY MEANS OF THE COIL CURRENT DERIVATIVE

The transient response of the coll current and contact voltage of a contactor
to a given input voltage has resulted in an effective way to analyze its perform-
ance. To date, the analysis has been limited essentially to examining the current
or voltage trace presented on the oscilloscope as recorded on film. Additional
ways are being investigated to obtain more or other types of information from
the transients associated with the contactor.

In the analysis of the performance of the contactor, ultimately the tests
must be those that can be used on a hermetically sealed device, To obtain in-
formation about the mechanical dynamics of the contactor in terms of electrical
quantities is the main objective of examining these transients. The technique
explained in this section is the possibility of electronically differentiating
the coil current transient and using this information to help understand the per-
formance of the contactor, especially the mechanical dynamics.

The coil current signal is fed to an operational amplifier connected such
that the output signal is the time derivative of the input signal. The coil cur-
rent signal and its derivative signal is then applied to a dual beam oscillo-
scope which results in the simultaneous display of both signals. More useful
information is obtained by the simultaneous display than by each one separately.
This dictates the use of a dual beam scope for best results.

One result more readily available from the coil current derivative than from

up the contacts on make. This action is shown by the two traces in the oscillo-
gram shown in Figure 1. To emphasize this change in armature velocity when

making with the contacts, one of two things may be changed. Decreasing the coil
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voltage or increasing the resistance in series with the coil will cause these
changes in armature velocity to be exaggerated. This is demonstrated by making
a comparison of the traces shown respectively in Figures 1, 2, 3 and 4 or by
studying the three sets of traces in Figure 5. Figure 5 shows the results of
putting three sets of information on the same oscillogram which may be, at first,
a little difficult to interpret. It has the definite advantage of being able to
make a more direct comparison of the results.

For the contactor under examination, decreasing the voltage not only increases
the pick-up and closing times but results in the armature changing its velocity
considerable when making with the contacts and assoclated overtravel springs.
This is shown in the coil current traces by the presence of the double cusp,
and in the differential of the coil current trace, by the presence of the two
negative spikes.

The existence of some armature rebound is noticable in the derivative of
the coil current by the occurance of the thigh" frequency oscillations in these
traces. One note of caution might be appropriate here and that is the derivaﬁive
of a signal is susceptible to including noise which can be the cause of some of
the "high" frequency oscillations in the trace. The reason noise was ruled out
in this case is that the observed oscillations appear to occur only after the
armature is supposed to strike something and does not show up before these times.

The series of oscillograms shown by Figures 1, 2, 3 and 4 show the influence
of increasing the coil voltage from a value near pick-up to the rated value. At
the lower voltages the influence of the contacts making, which results in the
slowing down of the armature, is readily obvious. The resulting changs in ths
coll current because of this phenomena is a function of the "closeness" of the
magnetic coupling of the coil and the sensitivity of the magnetic flux to changes

in armature air gap. The derivative of the coil current contains two negative
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spikes 1n rigure 1. The second spike is of greater amplitude tiaa the [irst,
This may be caused by two possible reasons. Cne reason the second spike is longer
than the first is that the air gap is small at this point, since the armature it
is seating on the pole piece. Consequently, a given change in air gap, at this
position, results in a greater percentage change than when the air gap is in the
open position. Another reason why the second spike might be larger than the first
is that the impact of the armature with the pole face is more violent that the
impact with the contacts, because of the overtravel springs when making with the
contacts,

Increasing the coil voltage tends to "smooth" out the second cusp in the coil
current trace as shown by comparison of Figures 1 and 2. In Figure 2, the change
caused by the making of the contacts is not as noticable because of tihe increased
magnetic pull at this increased voltage.

Figure 3 shows the result of increasing the coil voltage from 13.6 v for
Figure < to 16 v for Figure 3. The coil current cusp is now essentially smooth
and slows little evidence, if any, of the contacts making. However, the coil
current derivative trace still shows a marked change in its position at the point
where the armature reacts to the making of the contacts. This is one of the main
advantages of recording or analyzing the coil current derivative is that it is
more sensitive to changes in the armature motion., In analyzing the performance
of hermetically sealed contactors electrical measurements are the only source of
information about both the magnetic and mechanical behavior of the contactor.

Figure 4 is the result of applying rated voltage to the coil., A scale

change was necessary in this oscillogram to keep the traces on the coordinates

but the results still show that the coil current cusp is very smooth now and the coil

3 - I1I




current derivative is also essentially smooth., However, close examination of

the coil current derivative wilil show a slight change about one half the way
down tue negative spike winich unfortunately fell exactly on the center coordinate
in this oscillogram. Figure 12 shows the same result but was obtained by chang-
ing tl ance in series with the coil and in this figure tue change in the
coil curreut derivative is more noticable since it is not on the coordinate.

Figure 5 shows the coil current and coil current derivative for three values
of coil voltage. It allows a more direct comparison of the effects of the in-
crease in voltage on the armature change in velocity caused by the making of the
contacts.,

Changing the coll voltage is not the only way the influence of the making
of the contacts on the armature motion phenomena can be studied. The series of
Figures 6, 7, 8, 9, 10, 11 and 12 show the influence of this armature motion
change on the coil current and coil current derivative. One basic difference
of the series resistance approach over the variable coil voltage approach, is
that the value of the coil current derivative at t = 0 (the time the coil volt-
age is applied) is the same for all values of series resistance. In the vari-
able voltage case the value of the coil current derivative at t = O should vary
directly with the coil voltage applied. Even though the traces in the series of
Figures 1, 2, 3 and 4 look similar to those in the series of Figure 6 to 12
there are a number of differences, Cases which are taken at the same steady
state coil current are different since in the series resistance case the time
constant of the circuit is changed, while in the variable voltage case the time
constant of the circuit is not changed, but the initial rate of change of the
current is changed. Even the shape of the coil current cusp is different, being

flatter for the series resistance case.
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This discussion and samples of oscillograms showing transient coil currents
and coil current derivatives has been presented to show that additional infor-
mation can be obtained about the dynamic behavior of the contactor by studying
the coil current derivatives in conjunction with the transient coil current. The
main problem involved with the derivative of the coil current is that of noise

since the noise is differentiated along with the coil current signal.
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Figure 1

Vertical axis: Upper trace - coil current
Lower trace - coil current derivative
Horizontal axis: Time

Time scale: 10 milliseconds/cm
Current scale: 100 milliamperes/cm

*Coil voltage: 13.25 volts dc
*¥Coil current: 238 milliamperes

Test Circuit values:

Shunt 1 ohm, sensitivity 100 mv/cm

Differentiator constants:
Zi = Oclp:f, Zf = 041 meg

Sensitivity O.2v/cm uncalibrated
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Figure 2

Vertical axis: Upper trace - coil current

Lower trace -~ coil current derivative
Horizontal axis: Time

Time scale:: 10 milliseconds/cm
Current scale: 100 milliamperes/cm

*Coil voltage: 13.6 volts dc
*Coil current: 245 milliamperes
l-ohm, sensitivity 100 mv/cm

Differentiator constants:
Zi = 0.1uf, Zp = 0.1 meg

Sensitivity O.2j/cm uncalibrated

¥Changed from previous figure

7 - III




Figure 3

|
Vertical axis: Upper trace - coil current
' Lower trace - coil current derivative

Horizontal axis: Time

Time scale: 10 milliseconds/cm
Current scale: 100 milliamperes/cm

*Coil voltage: 16 volts dc
*Coil current: 289 milliamperes

Test eircuit values:

Shunt l-ohm, sensitivity 100 mv/cm

Differentiator constants:
Z; = 0.1pf, Zf = 0.1 meg

Sensitivity O.2v/cm uncalibrated

¥Changed from previous figure
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Vertical axis:
Horizontal axis:

*Pime scale:
¥Current scale:

*Coil voltage:
*¥Coil current:

Figure 4

Upper trace - coil current
Lower trace - coil current derivative
Time

5 milliseconds /cm
200 milliamperes/cm

28 volts dec
4,96 milliamperes

Shunt 1 ohm, sensitivity 200 mv/cm*

Differentiator constants:

Zi = 0.1uf, Zp = 0.1 meg
Sensitivity 0.5v/cm calibrated®

*Changed from previous figure
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Figure 5

Vertical axis: Traces a, b, ¢ coil current
. Traces d, e, f coil current derivative

Horizontal axis: Time

*ime scale: 10 milliseconds/cm
¥Current scale: 100 milliamperes/cm

*Coil voltage: Traces
traces
*¥Coil current: Traces
traces

17.7v; traces b & e = 14,5v;
13.3v
320ma; traces b & e = 260ma;
240ma

R R R Re
H Q.+ Qs
I L

oo

Test circuit values:
Shunt 1 ohm, sensitivity 100 mM/cm*

Differentiator constants:
Zi = 0.duf, Zy = O.1 meg

Sensitivity 0.2v/cm uncalibrated®

*Changed from previous figures
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Figure 6

Vertical axis: Upper trace - coil current
Lower trace - coll current derivative
Horizontal axis Time

Time scale: 10 milliseconds/cm
Current scale: 100 milliamperes/cm

*Coil voltage: 28 volts dc
*Coil current: 219 milliamperes
Shunt 1 ohm, sensitivity 100 mv/cm

Differentiator constants:
Zi = 0.duf, Zp = 0.1 meg

Sensitivity O.2v/cm uncalibrated

*Changed from previous figure
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Vertical axis:

Horizontal axis:

Time scale:
Current scale:

Coil voltage:
*¥Coil current:

Test circuit values:

Differentiator constants:

*Changed from previous figure

ol sm@am o GR G G G5 SR ) G5 S OGN SN BE G0 Gm@e e

l

+ ++ H\‘::‘;C#
Wt
// I
MR
Figure 7

Upper trace — coil current
Lower trace - coil current derivative
Time

10 milliseconds/cm
100 milliamperes/cm

28 volts dc
<30 milliamperes

Shunt 1 ohm, sensitivity lOOjnT/cm

- Zi = 0.1pf, Zf = 0.1 meg

Sensitivity O.2v/cm uncalibrated

12 - ITT
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Figure 8

Vertical axis: Upper trace - coil current
Lower trace - coil current derivative
Horizontal axis: Time

Time scale: 10 milliseconds/cm
Current scale: 100 milliamperes/cm

Coil voltage: <8 volts dc
*¥Coil current: 249 milliamperes

Test Circuit values:
Shunt 1 ohm, sensitivity lOOnw/cm

Differentiator constants:
Zi = 0.1uf, Zg = O.1 meg

Sensitivity O.2v/cm uncalibrated

¥Changed from previous figure
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Figure 9

Vertical axis: Upper trace - coil current
Lower trace - coil current derivative
Horizontal axis: Time

Time scale: 10 milliseconds/cm
Current scale: 100 milliamperes/cm

Coil voltage: <8 volts dc
*Coil current: 260 milliamperes

Test circuit values:
Shunt 1 ohm, sensitivity 100 mv/cm

Differentiator constants:
Zi = Ooluf, Zf = Ool meg

Sensitivity O.2v / cm uncalibrated

¥Changed from previous figure
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Figure 10

Vertical axis: Upper trace - coll current
' Lower trace - coil current derivative

Horizontal axis: Time

Time scale: 10 milliseconds/cm
Current Scale: 100 milliamperes/cm

Coil voltage: 28 volts dc
¥Coil current: <296 milliamperes

Test circuit values:
Shunt 1 ohm, sensitivity 100 mv/cm

Differentiator constants:
Z; = 0.1pf, Zp = 0.1 meg

1
Sensivity O.2v/cm uncalibrated

*Changed from previous figure
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Figure 11

Vertical axis: Upper trace - coil current
Lower trace — coil current derivative
Horizontal axis: Time

Time scale: 10 milliseconds/cm
Current scale: 100 milliamperes

Coil voltage: 28 volts dc
*¥Coil current: 400 milliamperes

Shunt 1 ohm, sensitivity 100 mv/cm

Differentiator constants:
Zi = O.luf’ Zf = Ool meg

Sensitivity O.ZY/cm uncalibrated®

*Changed from previous figure

16 - IIT




+

b

I
1+

Vertical axis:
Horizontal axis:

Time scale:
*Current scale:

-.Coil voltage:
*Coil current:

Test circuit values:

Figure 12

Upper trace - coil current

Lower trace - coil current derivative

Time

10 milliseconds /cm

200 milliamperes

28 volts de
493 milliamperes

/

/em

Shunt 1 ohm, sensitivity 200‘mvycm

Differentiator constants:

Z; = 0.duf, Zp = 0.1 meg

Sensivity O.ZY/cm uncalibrated

*Changed from previous figure
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SECTION II
INFLUENCE OF TEMPERATURE ON THE DYNAMIC OPERATION

OF A HERMETICALLY SEALED CONTACTOR

Analysis of a hermetically sealed device is primarily limited to that
information that can be obtained by electrical measurements at the ter-
minals of the device., By using the transient coil current and its time
derivative and the contact voltage a certain amount of useful information
about the dynamic performance of the device can be obtained, The amount
of useful information is related to having previously correlated the
variations of the instantaneous coil current with other measurable quan-
ities on an open device embodying similiar principles. Familiarity of
the mechanics of the operation then allows one to obtain useful infor-
mation from the transient coil current.

In this investigation it was desired to determine the changes in
the mechanical system caused by the changes in temperature. In order
to do this meant that the change in the coil current, caused by the
change in resistance resulting from a change in temperature, must be
compensated for so that constant steady state current was maintained.
Constant steady state current was maintained by applying constant voltégge
and adding a suitable series resistance in the coil circuit. By main-
taining constant voltage and constant total resistance, then that part
of the transient coil current,; from the instant the coil was energized
until the armature started to move, was uhchangedq Therefore, changes
in the instantaneous coil current at different temperatures should be
caused by changes in the mechanical operation.

One effective way of determining changes in the instantaneous coil

current is to examine the time derivative of the coil current. The

l1-1IT
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instantaneous coil current and its derivative are shown in Figures 1
through 5. Both of these are shown simultaneously, to develop a
familiarity of the shape of the coil current derivative, which will be
used in other figures along with the contact voltage. The only sig-
nificant change in these traces as the temperature decreased is the
slight increase in negative slope of the coil current derivative com-
mencing when the armature begins to move., On the oscillograms in
Figures 1 through 5, this point of movement occurs about 2 centimeters
(10 milliseconds) after the coil was energized. (A centimeter is a

ma jor full line division on the oscillogram), This increase in the
negative slope of the derivative indicates a change in the operation of
the mechanical system as the temperature decreases.,

These oscillograms in Figures 1 - 5 were all taken with rated
voltage applied to the coil, It has been found that if the analysis is
performed on the contactor at reduced voltage then changes in the mechan-
ical operation are more effective in causing changes in the coil current,
Therefore, the set of oscillograms in Figure 6 through 15 were obtained
in order to show what part of the mechanical system is more suceptible
to changes in temperature., This set of oscillograms show the contact
voltage across one pair of contacts and the coil current derivative
simultaneously. Again, the steady state value of the coil current was
maintained constant as the temperature decreased by adding a suitable
series resistance to the coil circuit, However, the voltage applied,
in this case, was near the room temperature pick-up value. For these
oscillograms the voltage applied was 13,5 volts dc. To help understand
the various points on the trace, the general shape of the traces are
shown and explained in the sketch below. For purposesof discussion the

time represented by Oa is called pick-up time, the time represented by

2~ II
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ab contact transit time and the time represented by bc as the contact

overtravel time., The time represented by Ob is commonly referred to as

the operate time.

i, v

i

Armature starts to

move, determined
by value of ip

Initial make of power
contacts shown by first
cusp and verified by

contact voltage

f> rmature seats as shown
by final cusp

One problem which arises, when data are collected for the steady

state coil current near the pick-up valve, is that the behavior of the

contactor is more random in nature than at rated value., This makes it

a little more difficult to
Therefore, a record of the
first oscillogram and bLhis

secutive operations of the

establish trends in the changes which occur,

randomness that occurs is presented in the
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contactor with all known parameters constant.,

This happens to be taken at a temperature of -80°F but the same kind of

variation is present at other temperatures. There was no noticable change

311
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in the variations at different temperatures but this point will be con-
sidered at another time. The variations in operate time was about 7.0
milliseconds out of a total operate time of about 60 milliseconds or about
a 10 percent change. The variation in the contact overtravel time is
about 8 milliseconds out of 24 milliseconds.,

Figures 7 through 15 shows the influence of the mechanical operation
on the coil current derivative. The major trends are an increase in
the operate time (represented by Ob in sketch) and an increase in the
contact overtravel time (represented by bc in the sketch). The shape
of the coll current derivative during the operate time shows no sig-
nificant change except in total time. The coil current derivative dur-
ing the contact overtravel time show some changes in shape but those seem
to be the result of the increase in time,

Inspection of the kinematics of the mechanical system of this con-

tactor is planned in order to establish what mechanical changes are
taking place caused by temperature changes that could result in the
changes recorded in the oscillogram.

It should be mentioned that the actual performance of the contactor
at low temperatures would exhibit a shorter operate time because of the
decrease in the coil resistance resulting in a greater steady state
value of the coil current at constant supply voltage., In this test
the coil circuit resistance was adjusted to keep the steady state value
of the coil current constant in order to study the changes in the me-
chanical system as the temperature was decreased.

N R N = -1 L __
I v

eresting phenomena occured in the recording of thls dala
and this is the proximity effect. The contactor under test was sealed

in a non-magnetic container and the first measurement was taken at room

temperature on a wooden bench and its operation is shown in Figure l.
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When the unit was placed in the temperature chamber it was placed on a
metal support to allow better air circulation around it and the oscil-
logram shown in Figure 16 is its operation under these conditions and

a temperature of LO0°F, A noticable change in the coil current derivative
is evident on the oscillogram about 3 ;/2 centimeters after the point

of coil energization. The change recorded at this point shows that the
slope of the coil current increased in a region where no or little
motion of the armature should occur. Also, the nature of the change is
not like the change caused by armature motion. From previous tests this
increase in the value of the coil current derivative is known to be
caused by magnetic saturation., When the oscillogram in Figure 16 was
first recorded, it was thought this change was caused by the temperature.
However, after recording the oscillogram shown in Figure 17 which was at
a temperature of 20°F it was evident that temperature was not the cause.
Recalling the conditions at the room temperature made it evident that the
metal support in the temperature chamber was the cause of the magnetic
saturation. This implies that the leakage flux associated with this
device in the armature open position is fairly large. Close packaging

of units of this kind with the more sensitive relays might result in
problems,

The results of these tests indicate that the mechanical system does
change in such a manner that the operate time and the contact overtravel
time increase with a decrease in temperature, A study is planned of the
kinematics of the mechanical system to ascertain the mechanism by which
this change occurs.

The results also show that the proximity effect can cause a sig-
nificant change in the transient coil current and the performance of

the device,

5= 11



-

on mm@ut ar SN n Gn Gn SN G O SN SN NN OGN A8 AE g &

Vertical axis:

Horigzontal axis:
Time scale:
Current scale:
Coil voltage:
Coil current:

Test circuit values:

Differentiator constants:

Figure 1

Upper trace - coil current

Lower trace - coil current derivative
Tine

5 milliseconds per centimeter

200 milliamperes per centimeter

28 volts dc

526 milliamperes

0.5 ohm shunt

C.1 volt/cm sensitivity

73°F

2y = 1,f, Zf = 0,1 meg ohm
1 volt/mn sensitivity
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Vertical axis:

Horizontal axis:
Time scale:
Current scale:
Coil voltage:
Coil current:

Test Circuit values:

Differentiator constants:

Figure 2

Upper trace - coil current

Lower trace - coil current derivative

Time

5 milliseconds per centimeter

200 milliamperes per centimeter

28 volts dec
526 milliamperes
0.5 ohm shunt

0.1 volt/cm sensitivity
O°F¥*

*Changed from previous figure
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Vertical axis:

Horizontal axis:
Time scale:
Current scale:
Coil voltage:
Coil current:

Test circuit values:

Differentiator constants:

Figure 3

Upper trace - coil current

Lower trazce - coil current derivative
Time

5 milliseconds per centimeter

200 millianperes per centimeter

28 volts dc

526 nilliamperes

0.5 ohm shunt

0.1 volt/cm sensitivity

-60°F#

4 = luf, Zp = 0.1 ueg ohm

1 volt/cm sensitivity

¥Changed from previous figure
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Vertical axis:

Horizontal axis:
Tine scale:
Current scale:
Coil voltage:
Coil current:

Test circuit values:

Differentiator constants:

Figure 4

Upper trace - coil current

Lower trace - coil current derivative
Tine

5 milliseconds per centimeter

200 milliamperes per centimeter

28 volts dec

526 nilliamperes

0.5 olm shunt

0.1 volt/cm sensitivity

~100°F #

Z; = Wf, Zf = 0.1 meg ohm

1 volt/cm sensitivity

*¥Changed from previous figure
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Vertical axis:

Horizontal axis:
Time scale:
Current scale:
Coil voltage:
Coil current:

Test circuit wvalues:

Differentiator constants:

=2

L
N
N
N
|
.

Figure 5

Upper trace - coil current

Lower trace - coil current derivative
Time

5 milliseconds per centimeter

200 rilliamperes per centimeter

23 volts dc

526 milliamperes

0.5 ohn shunt

0.1 volt/cm sensitivity

-1 20 o 4

Z; = lf, Zp = 0.1 meg ohm

1 volt/mn sensitivity

*Changed from previous figure
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Vertical axis:

Horizontal axis:
*[ime scale:

*Voltage scale:

*Coil voltage:

*Coil current:

#*Test circuit values:

Differentiator constants:

Figure 6

Upper trace¥ - contact voltage

Lower trace - coil current derivative
Tine

10 milliseconds per centimeter

5 volts per centineter

13.5 volts dc

245 milliamperes

-80°r

2y = luf, Zp = 0.1 meg ohm

1 volt/cm sensitivity

*Changed from previous figure
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Vertical axis:

Horizontal axis:

Time scale:

Voltage scale:

Coil voltage:
Coil current:
#Test circuit values:

Differentiator constants:

Figure 7

Upper trace - contact voltage

Lower trace - coil current derivative
Time

10 nilliseconds per centimeter

5 volts per centimeter

13.5 volts de¢

245 milliauperes

73°F |

Z3 = luf, Zp = 0.1 meg ohn
1 volt/mn sensitivity

*Changed from previous figure
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Vertical axis:

Horizontal axis:
‘Tinme scale:

Voltage scale:

Coil voltage:

Coil current:

*lPest circult values:

Differentiator constants:

Figure 8

Upper trace - contact voltage

Lower trace - coil current derivative
Tine

10 milliseconds per centimeter

5 volls per centineter

13.5 volts de

<45 millianperes

LO°F

Zi = 1luf, 2y = 0.1 meg ohm

1 voli/bm sensitivity

*Cnanced from previous figure
g &
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Vertical axis:

Horizontal axis:

Tine scale:

Voltage scale:

Coil voltage:

Coil current:

*Test circuit values:

Differentiator constants:

Figure 9

Upper trace - contact voltage

Lower trace - coil current derivative
Tinme

10 nilliseconds per centimeter

5 volts per centimeter

13.5 volts dc

245 milliamperes

O°F

24 = luf, Zp = 0.1 meg ohm
1 volt/cm sensitivity

*Changed from previous figure
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Vertical axis:

Horizontal axis:

Tirle scale:

Voltage scale:

Coil voltage:

Coil current:

*Test circuit values:

Differentiator constants:

Figure 10

\

Upper trace - contact voltage

Lower trace - coil current derivative
Time

10 milliseconds per centimeter

5 volts per centimeter

13.5 volts e

245 milliamperes

~LC°F

Zs = 1, Zp = 0.1l meg ohm

1 volt/bm sensitivity

#*Changed from previous figure
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Vertical axis:

Horizontal axis:
Time scale:

Voltage scéle:

Coil voltage:

Coil current:

*Test circuit values:

Differentiator constants:
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Figure 11

Upper trace - contact voltage

Lower trace - coil current derivative
Time

10 milliseconds per centimeter

5 volts per centimeter ‘

13.5 volts dec

245 milliamperes

-60°F

2y = luf, Zp = 0.1 meg ohm
1 volt/cm sensitivity

¥Changed from previous figure
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Vertical axis:

Horizontal axis:
Time scale:

Voltage scale:

Coil voltage:

Coil current:

#Test circuit values:

Differentiator constants:

Figure 12

Upper trace - contact voltage

Lower trace - coil current derivative
Time

10 milliseconds per centimeter

5 volts per centimeter

13,5 volts dc

245 milliamperes

~80°F

24 = lf, Zp = 0.1 meg ohm

1l volt/cm sensitivity
|

#*Changed from previous figure
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Vertical axis;:

Horizontal axis:
#*Time scale:

Voltage scale:

Coil voltage:

Coil current:

Test circuit values:

Differentiator constants:

Figure 13

Upper trace - contact voltage

Lower trace - coil current derivative
Time

20 milliseconds per centimeter

5 volts per centimeter

13.5 volts de

245 milliamperes

~80°F |

Zy = nf, Zp = 0,1 meg ohm

1 volt/cm sensitivity

*Changed from previous figure
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Vertical axis:

Horizontal axis:

Time scale:

Voltagze scale:

Coil voltage:

Coil curreant:

*lest circuit values:

Differentiator constants:

’

Figure 14

Upper trace -~ contact voltage

Lower trace - coil current derivative
Time .

20 nmilliseconds per centimeter

5 volts per centimeter

13.5 volts de

<45 milliamperes

~100°r

Zs = luf, Zp = 0.1 meg ohn

1 volt/cm sensitivity

*Changed from previous figure
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Vertical axis:

Horizontal axis:

Time scaie:

-‘Voltage scale:

Coil voltage:

Coil current:

¥Test circuit values:

Differentiator constants:

Figure 15

Upper trace - contact voltage

Lower trace - coil current derivative
Time

20 milliseconds per centimeter

5 volts per centimeter

1345 volts dec

245 milliamperes

-120°F

2y = uf, Zp = 0.1 meg ohm
1 volt/bm sensitivity

*Changed from previous figure
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#*ertical axis:

Horizontal axis:
*Time scale:
*Current scale:
*Coil voltage:
#*Coil current:

#Test circuit values:

Differentiator constants::

Figure 16

Upper trace - coil current
Lower trace - coil current derivative
Time

5 milliseconds per centiméter
200 milliamperes per centimeter
28 volts de¢

526 milliamperes

0.5 ohnm shunt

0.1 volt/cm sensitivity

LO°F

Metal structure

Zy = luf, Zp = 0.1 meg ohm
1 volt/cm sensitivity '

*Changed from previous figure
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Figure 17

Verfical axis: Upper trace - coil current
Lower trace - coil current derivative
Horizontal axis: Time
Tine scale: 5l milliseconds per centimeter

_ Current scale: <00 milliamperes per centimeter

Coil voltage: <28 volts dc
Coil current: 526 milliamperes
- Test circuit values: 0.5 ohm shunt
0.1 volt./cm sensitivity
200F# '
Metal structure
|
Differentiator constants: Zj = luf, Zil = 0.1 meg ohm
f 1l volt/cm sensitivity

¥Changed from previous figure
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SECTION IV
TRANSIENT ANAIYSIS OF THE ECONOMIZED

PARALIEL COIL CONTACTOR

The "economized" coil arrangement is one attempt to approach
a low holding power contactor with & "minimum" volume. The economized
coil arrangement consists of two coils connected in such a way that
one coil connection is used for the operate cycle and another coil
connection is used for the hold cycle. The switching of the coil
connection is saccomrlished internally by the use of an auxiliary
switch actuated by the plunger in the contactor.

The first economized coil contactor analyzed and reported in
the section A~b and A-c of the Summary Rerort of 1 July, 1962 to
30 June, 1963 was a series arrangement where one coil was used to
operate and both coils used to hold. This particular connection
required that one coil be short circuited during the operate cycle.
Since the two coils were nagmetically coupled together the transient
current supplied by the source was greater during most of the operate cyecle
than it would have been with only one operate coil on the core.
To reduce the transient coil current for the series arrangement would
require a make before break contact arrangement. The coil current
is then reduced by keeping the second coil open circuited during
the operate part of the cycle. A disadvantage of series coil ar=-
rangement is that only part of available coil volume is being used
for the operate part of the cycle while all of the coil is used for
the hold cycle. It would be desirable to interchange this arrange-
ment because of the inverse relationship between coil power and
coil volume, The parallel coil arrangement utilizes all the available

1 -1V
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coil volume during the operate part of the cycle and only part of
the coil volume for the hold condition. This is a better arrangement
because the magnetic pull for a given power is greater in the closed
plunger position than it is in the open.position.

The one possible disadvantage of the economized coil arrangement
is the necessity of the auxiliary control switch and its possible
failure to function properly. The reason for this point is given by
some of the data presented by the oscillograms in the Figures 1 through
5.

Figures 1, 2 and 3 presents data which demonstrates the malfunctioning
of the control switch used to switch from the operate to hold coil
connection. The tests were performed at room temperature on a her-
metically sealed model of the contactor. The tests had to be made at
reduced coil voltage to show this malfunctioning. Figure 1 shows that
the switch eventually functioned but was late in its operation. The
operating point of the switch is indicated by the pulse on the trace
occurring about 20 ms after the plunger seated. The coll current after
the switching operation is continually decreasing.

Figure 2 shows essentially the same malfunctioning of the control
switch but with a different horizontal scale. For Figure 2 the time
scale is 10 milliseconds per centimeter while for Figure 1 it is 20
milliseconds per centimeter. The transient coil current,after the
switching operation rises initially and then decreases indicating a
different switching operation than that shown in Figure 1.

Figure 3 shows the condition where the control switch never
functioned. Two operations are shown which indicates that this mal-

functioning was not a one time occurrance.
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It was not possible to get the contactor to malfunction at rated
voltage during the time these data were being recorded. The operation
at rated voltage is shown in Figure 4 which shows both operate and
release,

Figure 5 shows three consecutive operations of the contactor at
rated voltage. Some differences are noticable in the control switch
operation but comparison with Figure 4 is necessary to show the kind of
variation that can exist between operations.

A temperature run was made on the contactor to determine if the
malfunctioning of the control switch was a function of the temperature.
In order to study only the mechanical changes in the performance at
various temperatures the coil circuit resistance was held constant at
its value at the highest temperature by inserting the suitable series
resistance values. Data were recorded for two valuesof coil voltage.
One was rated voltage and the other was as near the must operate value
as possible. The results of the influence of high temperature on the
transient performance of the contactor are presented in Figures 6
through 11. The control switch functioned throughout the temperature
run and no trends as a function of temperature were noted in the
functioning of the contactor. It appears that the malfunctioning of
the control switch had corrected itself and was not aggravated by the
heat run,

A cold run was made down to -120°F to determine if the low tem~
peratures had any influence on the maifunctioning of the control switch.
The results are presented in Figures 12 through 17. As in the heat
run the coil circuit resistance was kept constant at its highest

temperature value by inserting suitable resistance values in the coil
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circuit. Inspection of the traces shows no malfunctioning and no trends
as a function of temperature as the temperature was decreased.

As the test data were being recorded it became evident that the
malfunctioning of the control switch was decreasing with the number
of operations., Since this is a hermetically sealed unit it was not
possible to examine the control for possible causes of malfunctioning.
The test data presented in the first five figures indicates that pos-
sible malfunctioning of the control switch might be a problem.

It is planned to make calculations to determine if it is possible
by optimizing the pull per watt to eliminate the control switch but
still not change the coil volume or holding coil power. This will be

reported in the next interim report.
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Trace:

Time scale:

Current scale:

Coil voltage: .

Temperature:
Discharge resistance:
Coil circuit resistance:

Steady state coil current:

Figure 1

a =~ Coil current build-up

b - Contact voltage, operate
20 mgﬁnn

200 ma/cm

16v de

70°F

Not measured
Not measured

328 ma
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Figure 2

Trace: a = Coil current build-up
b - Contact voltage, operate
Time scale: 10 ms /cm*
Current scale: 200 mg/cm
Coil voltage: 1év dc
Temperature: 70°F
Discharge resistance: Not measured
Coil circuit resistance: Not measured

Steady state coil current: 328 ma

*Changed from previous figure
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Trace:

Temperature:
Discharge resistance:
Coil circuit resistance:

Steady state coil current:

Figure 3

a = Coil current build-up
b -~ Contact voltage, operate

c

1

Coil current build-up

d - Contact voltage, operate
20 ma /cm*

200 ma/cm

16v de

T0°F

Not measured

Not measured

Not measured

¥Changed from previous figure
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Trace:

Time scale:

Current scale:

Coil voltage:
Temperature:

Discharge resistance:
Coil circuit resistance:

Steady state coil circuit:

Figure 4

a - Coil current decay

b - Coil current build-up
¢ - Coil voltage, release
d - Coil voltage, operate
5 ms/cm*

200 ma/cm

28v dc¥*

70°F

diede

Not measured

Not measured

*Changed from previous figure
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Trace:

Time scale:

| Current scale:

Coil voltage:
Temperature:

Discharge resistance:
Coil circuit resistance:

Steady state coil current:

Figure 5

a - Coil current build-up
b - Coil current build-up
¢ - Coil current build-up
5 m;/cm

200 ma/cm

28v dc

70°F

Not measured®

Not measured

Not measured

#*Changed from previous figure
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Trace:

Time scale:

Current scale:

Coil voltage:
Temperature:

Discharge resistance:
Coil circuit resistance:

Steady state coil current:

A I S '-+~+-f-+" frd-ot bt
§

Figure 6

W
1

Coil current decay

o’
]

Coil current build-up
¢ - Coil voltage, operate

d

Coil voltage, release
10 ms/cm*

200 ma/bm

R1,25v dc¥*

90°F*

diode*

3L0*

354 ma*

*Changed from previous figure
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Figure 7

Trace: a - Coil current decay
b - Coil current build-up
¢ - Coil voltage, operate
d - Coil voltage, release
Time scale: 5 ms/cm*
Current scale: <200 ma/cm
Coil voltage: 28v dc*
Temperature: 90°F
Discharge resistance: diode
Coil circuit resistance: 340

Steady state coil current: 480 ma*

*¥Changed from previous figure
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Trace:

Time scale:

Current scale:

Coil voltage:
Temperature:

Discharge resistance:
Coil circuit resistance:

Steady state coil current:

Figure 8

a -

Coil current decay

o’
i

Coil current build-up

Cc

Coil voltage, operate

d

Coil voltage, release
10 ns/cm*

200 mg/cm

21,25v dc*

130°F*

diode

340

342 ma*

*Changed from previous figure
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Trace:

Time scale:

Current scale:

Coil voltage:
Temperature:

Discharge resistance:
Coil circuit resistance:

Steady state coil current:

Figure 9

a - Coil current decay

b - Coil current build-up
¢ - Coil voltage, operate
d - Coil voltage, release
5 ms/cm*

200 ma/cm

28v dc¥*

130°F

diode

340

450 ma¥*

*Changed from previous figure
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Trace:

Time scale:

Current scale:

Coil voltage:
Temperature:

Discharge resistance:
Coil circuit resistance:

Steady state coil current:

Figure 10

a - Coil current decay

b - Coil current build-up
¢ - Coil voltage, operate
d - Coil voltage, release
10 ms/cm*

200 ma/cm

21.25v. dc¥*

2L8°F*

diode

340

310 ma¥*

#Changed from previous figure
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Trace:

Time scale:

Current scale:

Coil voltage:
Temperature:

Discharge resistance:
Coil circuit resistance:

Steady state coil current:

Figure 11

a

Coil current decay

o
]

Coil current build-up

¢ - Coil voltage, operate

d - Coil voltage, release
5 mg/cm*

200 ma/bm

28v dc*

2L8°F

diode

340
415 ma*

*Changed from previous figure
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Trace:

Time scale:

Current scale:

Coil voltage:
Temperature:

Discharge resistance:
Coil ¢ircuit resistance:

Steady state coil current:

Figure 12

a - Coil current decay

b - Coil current build-up
¢ - Coil voltage, operate
d - Coil voltage, release
10 mg/cm*

200 ma /em

21,25v dc¥*

10°F*

diode

340

380 ma*

*Changed from previous figure
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Trace:

Time scale:

Current scale:

Coil voltage:
Temperature:

Discharge resistance:
Coil circuit resistance:

Steady state coil current:

Figure 13

®
]

Coil current decay

b - Coil current build-up

¢ - Coil voltage, operate

d

Coil voltage, release
5 ms/cm*

200 ma /em

28v dc¥*

10°F

diode

340

490 ma*

*Changed from previous figure
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Trace:

Time scale:

Current scale:

Coil voltage:
Temperature:

Discharge resistance:
Coil circuit resistance:

Steady state coil current:

-ui —i --\ii‘

Figure 14

a - Coil current decay

b - Coil current build-up
¢ - Coil voltage, operate
d - Coil voltage, relcase
10 ms/cm*

200 ma/cm

21,25v dc¥

—500F%

diode

340

4,00 ma*

#Changed from previous figure
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Trace:

Time scale:

Current scale:

Coil voltage:
Temperature:

Discharge resistance:
Coil circuit resistance:

Steady state coil current:

Figure 15

a - Coil current decay

b - Coil current build-up
¢ - Coil voltage, operate
d - Coil voltage, release
5 ms/cm*

200 ma/cm

28v dc¥

-50°F

diode

340

540 ma¥®

#Changed from previous figure
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Trace:

Time scale:

Current scale:

Coil voltage:
Temperature:

Discharge resistance:
Coil circuit resistance:

Steady state coil current:

Figure 16

a

Coil current decay

b

Coil current build-up

1

¢ - Coil voltage, operate

d

Coil voltage, release
10 ms/cm*

200 ma/cm

21,25v dc*

~120°F*

diode

340

L0 ma*

#*Changed from previous figure

2 - IV
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Trace:

* Time scale:

Current scale:

Coil vpltage:
Temperature:

Discharge resistance:
Coil circuit pesistance:

Steady state coil current:

Figure 17

a - Coil current decay

b - Coil current build-up
¢ - Coil voltage, operate
d - Coil voltage, release
5 ms/cm¥®

200 ma/cm

28v dc¥*

~120°F

diode

340

580 ma¥*

*Changed from previous figure

21 - IV



SECTION V

THE ENERGY CYCLE CURVE

This investigation was started to determine a method of describing and
predicting the operation of relays. The required testing of a sealed relay in
various environments requires a method of remote evaluation, It is hoped that
a definite division of operations states can be made on the energy cycle curve
which will identify the energy transformed into the field before operation, the
energy transformed into mechanical friction and acceleration, and the energy
transformed into the fields after the operation.

This report will describe the nmetiod of obtaining the energy cycle curve.

The basic energy balance can bhe written as follows.

Energy input from Increase in energy Mechanical energy
electrical source _  stored in coupling + output plus friction
minus resistances field plus associlated and associated losses
losses losses

Wereey = (Vg = 1p) 1 db = eldt = dWpsg195 + dpechanical
A block diagram illustrates the system in Figure 1.
The electrical energy input is equal to: diWgjeqt = eidt. Where the back

emf e is equal to the change in flux linkage with respects to the change in time.

dx
e == or edt = d\. Substituting this in eguation (1)
dt gives:

dWelect = i d\ = Ni dg = Fds, or




Therefore, a change of electrical energy in the system is proportional
to a change of flux linkage, and the flux linkage is equal to the integral of
the back emf with respect to time. |

The back emf e was obtained electrically from the bridge circuit illustrated
in Figure 2. With the switch (S;) closed, the bridge was balanced to zero
voltage at points "a" and "b", Thus, any sudden change of voltage would un-
balance the bridge due to the inductance of the relay coil or back emf.

On one oscilloscope the integral of the voltage or flux linkage verses
current was plotted. This plot represents the energy transformed in the relay.
See Figure 7.

The back emf can be measured easily by the bridge method and is illustrated
by the lower beam in Figure 3. The three traces are identified as, the arm-
ature blocked open, the armature free to operate and the armature blocked
closed,

Figure 5 is %part I" of the integrator calibration. The back emf versus
time was plotted on the scope for calibration purposes. The upper bean is
the signal from a calibrating oscillator which was used to calibrate all
anplifiers. The lower beam is a step voltage of two tenth volts (.2V) am-
plitude used to calibrate the integrator.

The integrator output is illustrated in Figure 6. Each centimeter of
height on the curve is equal to the area under the curvé "pr, Figure 5, for
the same time interval. By this method the integrator is calibrated directly
in volt-seconds.or weber-turns.

The scurce for th
sensing the voltage across the shunt resistor, Figure 2. The three current

traces for the test relay are illustrated in Figure 3, upper curve.
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Figure 7 illustrates the first energy cycle curve for a relay with its
armature free to operate. The area enclosed represents the energy transformed

during one cycle of operation.

welect = / ia dt - [ ib dx

X;/ X1J
The operate and release portion of the curve is represented by the closed
curve (0, a, b, ¢c). Point "O" represents zero flux linkage and zero current.
Point "a" corresponds to the stop of armature movement. Between points man
and "1" additional energy storage occurs for the closed armature position.
On the release cycle, the armature movement can be detected between points
fen and "O",
Figure 8 illustrates the energy cycle for the armature blocked open
curves (a & b) and the armature blocked closed curves (c £ d). It would
be expected to have more field losses with armature operated due to the
lowering of reluctance in the core.
Three energy cycle curves are superimposed in Figure 9, The influence
of the mechanical motion of the armature can clearly be seen. The slope of
the line (0O, e) in the region of amature movement is equal to the change of

flux-~linkage with respect to the change of current. This relation provides

an indication of the change in permeance during the armature travel time.

A A
Slope = — L=Ng, & ==
¥ 2 2 b P
i N
F
1 == F:‘~Ni
N
& A
therefore P (permeance) = — & —
F i
3 -V
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The self-inductance is defined as the flux-linkage in weber-turns per ampere.

L =~ = Slope

A family of Energy Cycle Curves has been plotted in Figure 10. This set of
curves was obtained by varying the supply voltage in increments of one
volts from one volt to ten volts.

The Energy Cycle Curve seems to express an over all evaluation of a
relay. Investigation of the Energy Cycle Curve in relation to various

specific properties will be the subject of the next report.
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Block Diagram of Energy Distribution

Heat due to
field losses

Heat due to
mechanical losses

2

IR

ARANIN——
- . + + . .
Electrical Coupling Mechanical
Source Vg e | Field >} System

Figure 1

Energy input from Increase in energy Mechanical energy
electrical source - stored in coupling output plus
minus resistances field plus associated friction and
losses losses assoclated losses

dWelect = (vy - ip) 1 db =ei dt = dWfie1d + dWnechanical
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Block Diagram of Laboratory Setup

N
Ampﬁier [&L

/P

Time Sweep

™~ N f edt
L L

Intergrator Amplifier

Y

~
7

>~

Amplifier

t
Time Sweep

N

Y

l/
Amplifier

Figure 2
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Figure 3

Transient Operate Current and Voltage Vs Time

(b) current with relay free to operate
(¢) current with relay blocked closed
Lower - (a) back generated voltage with relay blocked open
(b) " " " n " free to operate
(¢) " " " n " blocked closed
Oscillogram:
Time scale = 10 milliseconds per centimeter

~

= 124 amnavran ~a
WARS OJALIJ\./.L o f)\'

A annlen
Ciiv wladv T e,

4
3
+
{
2

ct+
D

Voltage scale = ,1 volt per centimeter
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Figure 4
Transient Release Current and Voltage Vs Time
Traces:

Upper - (&) current with relay blocked open

(b) current with relay free to operate

(¢) current with relay blocked closed
Lower - (a) back generated voltage with relay blocked open

(b) " " " " " free to operate

(¢) u " " " " blocked closed

Oscillogram:

I

Time scale = 10 milliseconds per centimeter

Current scale = ,136 amperes per centimeter

Voltage scale

]

.1 volt per centimeter
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Figure 5

Calibration of Integrator, Part I
Traces:
a. Internal square wave calibration signal from the oscilloscope (.
b. Step voltage input to calibrate integrator
Oscillogram Data:
Time scale: 10 milliseconds per centimeter
Voltage scale upper curve: .l volt per centimeter

Voltage scale lower curve: .1 volt per centimeter

vy

2V amplitude)



Figure 6

Calibration of Integrator, Part II

Trace:

(a) Integration of step function, Figure 5 b

Oscillogram Data:

Time scale: 10 milliseconds per centimeter

Flux-Linkage scale:

Volt-seconds or Weber-turns

10 -V
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Figure 7
Energy Cycle Curve Relay Free To Operate
Traces:
(a) Flux-linkage vs current during the operate cycle.
(b) Flux-linkage vs current during the release cycle
Oscillogram Data:
Current scale = ,068 amperes per centineter

Flux-linkage scale = 2 .Jeber-turns per centimeter
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current amperes

Figure 8
Energy Cycle Curves
Relay Blocked Open & Relay Blocked Closed

Traces:

a. Relay blocked open, coil energized

b. Relay blocked open, coil deenergized

c. Helay blocked closed, coil energized

d. Relay blocked closed, coil deenergized
Oscillogran Data:

Flux-Linkage scale: < weber—turns/per centimeter

Current scale: .068 ampere per centimeter

Supply voltage: 6 volts d.c.

12 -V
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Energy
Relay
Traces:

a. Relay blocked
b. Relay blocked
c. Relay blocked
d. Relay blocked
e. HRelay free to
f. Relay free to

Oscillogram Data:

Flux-Linkage scale:
Current scale:

Supply voltage:

Figure 9
Cycle Curve For Relay Free To Operate,

Blocked Open & Relay Blocked Closed

open, coil energized
open, coil deenergized
closed, coil energized
closed, coil deenergized
operate coil energized

operate coil deenergized
< weber—turns/per centimeter

.068 ampere per centimeter

6 Volts d.c.

B -v
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Traces:
(a)
(b)
(e)
(d)
(e)
(£)
(g)
(h)

N
N

2
e

(J)

Flux-Linkage:

Current scale:

Figure 10

A Set of Energy Cycle Curves For A Relay

Energy cycle with 1 volt supply voltage

n

Oscillogram Data:

1 n 2 n 1 n

" n " (Relay operated)

® ~N o v &

0

1 ”" 1"

" n10 n " 1

2 weber—turns/per centimeter

.068 amperes /per centimeter
1 -V




SECTION I

LEAKAGE FLUX WITHIN A RELAY

An effort is being made to verify the energy curve as a method of
analyzing various characteristics of relays from the terminals.

The bridge method of measuring the back electromotive force pro-
vides a means of determining the total flux linkage developed. The
integral of back electromotive force is flux linkage. If the number of
turns in the coil is known, then the total flux generated can be deter-
mined,

The mechanical operation of a relay effects only the flux across
the air gap. In order to relate the mechanical characteristics of a
relay in terms of flux changes, some methods must be obtained which will
describe the flux across the air gap. Considering the flux leakage as
the difference between the total flux produced and flux across the air
gap, it is necessary to eliminate flux leakage components from the
measured valves,

0 leakage = & total - ¢ air gap (1)

The leakage flux should consist of two components,

(1) The partial flux leakage produced by the magnetic field within
the winding space.

(2) The flux which is present in the coil core which does not appear
across the air gap. The partial flux produced in the winding space
should be small and would not appear in the core of the coil. The value
should depend on coil configuration and be constant for any particular

type of relay. An experiment was conducted to verify this reasoning.
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The second component of the leakage flux presents a greater problem.
This flux must leave the core at some point between the coil and the
armature end of the core. The path must include a large air gap, many
times longer than the armature air gap in conventional designs. The
flux across an air gap is proportional to the magnetomotive force pro-
ducing it. The reluctance of air is very much greater than the re-
luctance of iron. Hence, there will be much more magnetic energy present
in passing the leakage flux across the linear air gap than in passing
the leakage flux through the non linear core. Based on the above reason-
ing the leakage flux through the core component of flux leakage will be
linear with respect to the magnetomotive force. The flux energy across
the air gap equals the total flux energy minus the linear leakage flux
energy. Therefore, the energy curve is a linear representation of the
energy across the air gap. A second experiment was conducted to verify
the above analogy.

EXPERIMENT T

This experiment was made to insure the value of back electromotive
force across points (a) and (b) of the bridge was correct. Figure 1
was representative of the flux existing in the core.

The method of obtaining this information was by monitoring the flux
actually developed in the core and comparing this value with the indicated
flux by the bridge method. A special one layer monitor winding of 100
turns was placed next to the core of the relay. The monitor winding was
connected directly to the input of a high impedance oscilloscope amplifier.
A primary winding of 4800 turns was wound on top of the monitor winding.
The primary winding was connected across the bridge as described in the
interim report of October 1 to November 30, 1963, Section V. By evaluating

the flux indicated in each winding, one can determine what portion of

2 -1
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the overall flux is produced in the core, as indicated by the bridge
measurement ,
In calculating the flux the following assumptions were made.
1. The core loss is negligibly small.
2. No current in the secondary.
Figure 1 illustrates the laboratory arrangement and Figure 3 illustrates
the back electromotive force measured by the bridge, and the induced
electromotive force measured by the special secondary coil. The upper
trace represents the back electromotive force measured from the bridge.
The lower trace was taken directly from the special secondary coil.
Figure 3 also indicates that both voltage curves have the same wave forms.
The relationship of the voltage to the flux is given by: e =N d®/dt.
The actual back electromotive force of the primary coil may be calculated
as follows:
VOLTAGEprimary = (Centimeters indicated in Figure 2) x
(Ratio of resistance of bridge) x (Gain
of amplifier)
Cm Figure 2 = 2.2

Gain = ,05 Volts/Cm.

10000
Resistance Ratio = = = 100
R100 100
Vp = 2.2 bd .05 bd 100 = 11 Volts

The voltage for the special secondary is:

VOLTAGE = (Centimeter indicated in Figure 2) x

secondary
(Gain of amplifier)

V, = Cm. Figure 2 x Gain = 2,2 (1) = ,R2 Volts

3-1I
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The change of flux with respect to time is equal to the induced

voltage divided by the number of turns of the winding.

d(bp Ep 11Volts weber Gilberts
— = = = — = 002292 —— = 229200

dy Np 4800turns sec. sec.
dbg E, 22Volts weber Gilberts
—_— = 2 - = 0022 = 220000

dg Ng 100turns sec, sec.

Np = turns on primary winding = 4800

Ng = turns on secondary winding = 100
The bridge method is indicating approximately L% higher flux change than
exists in the core for the relay tested. This value would represent the
maximum error which would exist. The error is due to the flux produced
by the magnetic field component within the winding space and never reaches
the core,

From the information given one can conclude that the back electro-
motive force, as indicated by the bridge method, will give a slightly
higher value of flux than exists in the core due to the flux produced in
the winding space. But the value indicated would not vary from any one
type relay tested.

EXPERIMENT II

This experiment was conducted to verify the existance of a linear
leakage flux component in conventionally designed relays. The results of
this experiment was verified by direct measurement.

The relay used in this experiment is illustrated in Figure 2. A
special winding was placed at the end of the core next to the armature.

The winding of 48 turns was used to detect the flux in the armature air
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gap. The primary winding of 4800 turns was connected to the bridge for
the usual back electromotive force measurement.

From the voltage measurements of the two coils, the flux was cal-
culated and plotted graphically. The value of air gap flux obtained
by the special winding was checked by direct measurement with a gauss
meter. The results checked very close.

Figares 4 and 5 are calibration diagrams made to set the scale of
the integrator. This procedure is described in the Tenth Interim Report,

Section V,

Figure 6 illustrates the voltages versus time for both windings on
the relay,

The values measured by the bridge must be corrected for resistance
ratios in the bridge. The integral of this voltage is flux linkage in
volt-sec. or weber turns. Division of the flux linkage by the turns of
a winding gives the flux passing through the winding. By this method,
Figure 9 was plotted from Figure 8.

The following is a sample calculation of the information taken from
Figures 6 and 8.

From Figure 6
Voltage primary = (Centimeters, Figure 6) x (Scale of amplifier) x
(Resistance ratio of bridge)
(10000)

E_ = (.8) (,05) ——— = 8 volts
p 52

Voltage secondary = (Centimeters, Figure 6) x (Scale of amplifier)

Eg = (1.2) (.05) = .06 volts

5-1
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From Figure 8

af
e =N —
dt

1
b=~ e dt
N

(o]

Data for the sample calculations was taken from Figure 8 on the release

cycle at a current of .O42 amperes.

t
Aprimary coil = 0/ epdt = (2.1 centimeters) x (.18 volt-second/cm)

I

378 volt-second.

t
Asecondary coil = / egdt = (3.3 centimeters) x (,0009 volt—second/cm)
)

= ,00297
t

1
_ 1
¢primary - N / epdt = —— (.378) = .0000786 webers

P o 4,800
= ,000072Ax1078 maxwells
t
. 1 [ 1
Osecondary = - / e dt = — (.00297) = ,000063 webers
s L8
° = ,00063x1078 maxwells
A = flux linkage
0 = flux
The calculated flux of both windings was plotted agoinst the mmf

in the primary winding. Since no current was flowing the secondary
winding, no energy was dissapated. The magnetic energy in the air gap
would be represented by the flux existing across the gap times the mmf
in the winding producing the flux,

Magnetomotive force = MMF = ampere turns = 1.257 NI Gilberts
6 -1
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The following is a table of calculated data used to plot Figure 9. The
source for this information was taken from Figure 8,
Figure 8 Primary Primary [Figure 8SecondaryBecondary| Operate | Release | MMF
lurns Flux ~ [urns Flux Cycle Cycle
I / epdt | L/, bp / egdt 1/ Og bs/bp bs /bp | MMF
Amp, Volt-sec l/hSOO Maxwells Volts-sec ;/A8 Maxwell Gilberts
OPERATE
Noll .036 R.0&107%| 749 1.8x10°4R,08x10° 9 375 50 6043
.02 072 " 1500 L.5x10° 4 .n 939 .625 120.7
.026 .108 " 3250  $.93x10°Y 1440 NIA 181.
.03 .117 " 2433 .%1074 1895 .78 241,
NoA ,198 " 4118  [A4.Ax107% n 3000 x | .726
2041 .23 " LB6T  [hllx10™H n 3000 .62
.05 .306 " 64,00 R5.,2x1074 n 5240 .82 301,
.06 A15 n 8700 333x10°4 w 6900 .79 362,
064, 45 n 94,00 PB5.1x10 “R.08x10°94 7340 .78
RELEASE
.05 415 " 8650 [Bl.5x10°4 6580 .76
oA .36 n 9500 R7.&10°4 w 5810 .77
.03 .305 " 6390 |R3.4x10° 4 4900 .78
.02 L2216 " 4500 [17.1x10742.08x10794 3560 .79
.OL 126 " 2630 [11.7x107% o 2440 .93
.01 .108 " 2750 6,3x107Y o 1320 .58
The ratio of secondary flux to the primary flux could be used as an in--
dication of leakage flux.
For any particular operational state the ratio is fairly constant. Before

the relay operates the value is close to 63%. After operation the value Jjumps

to 79%.

constant at 79%.

accuracy.

On the release cycle with the relay operated the ratio still remains

The values near zero are too small to be measured with any
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The information of the previous page indicates that the leakage flux
is reasonably constant for any state of the relay. Also, only 60%
of the flux generated is passing the armature air gap for the relay tested.

One point on Figure 9 was checked by direct measurement. A gauss
meter probe was inserted in the air gap and the flux density was measured.,

The area of the air gap was calculated from direct measurement.
Fringing was compensated for in the measurement.

The following results were obtained,

A = .84 cm®

0y = B (A) = (gauss)(cn®) = (1041)(.84) = 871 maxwells

I = .02 amperes

]

B = 1040 Gauss

A = .84 centimeter squared

0q = 871 maxwells

The flux obtained by direct measurement and the flux obtained by

experimentally data compared within 94% of each other. It is believed

the value of the experiments are acceptable.
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Figure 3

Back Electromotive Force Vs. Time &

Induced Operate Voltage Vs. Time

Traces: Upper - Back enf neasured by the bridge method.

Lower - Induced voltage on special coil wound
next to core.

Osciliogram: Time scale - 10 milliseconds/cm.
Voltage scale on upper curve = 5 volts/cm.

Voltage scale on lower curve - .l volts/cm.
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Figure 4

Integrator Calibretion (Part Une)

D.Ce Signal Calibration

rraces: Upper - .1 volts total or .5 volts per centiieter
from the calibrator of the oscilloscope.

Lower - .1 volts total or 0.5 volts per centineter
from direct current power supply.

Uscillogram: Time scale - 10 milliseconds per centineter.
Voltuge scale on upper trace 0.5 volts per centineter.

Voltage scale on lower trace 0.5 volts per centimeter.



Traces:

Oscillogran:

Figure 5

Integrator Calibration (Part Two)
Integration of direct current voltage of part one.

Time scale — 10 nilliseconds per centimeter.

Integrator scale - ,00U09 volt-seconds per centimeter.
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Figure 6

Back flectromotive Force lieasurement by Bridge Method &

Induced Voltage Measurement Vs Time

Traces: Upper - Back electromotive force measured by
bridge methed,

Lower - Induced voltage measurement on secondary winding.
Oscillogram: Time scale - 10 milliseconds per centimeter.
Upper trace - .05 volts per centimeter.

Lower trace - .05 volts per centimeter.
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Oscillogram:
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Figure 7

Energy Cycle Curve .ith Relay 3locked Open and Closed

Upper - Energy cycle curve made with secondary winding
placed at the armature end of the core.

(a) energization transition relay blocked open
(b) deenergization transition relay blocked open
(c) energization transition relay blocked closed
(d) deenerzization transition relay hlocked closed

Lower - Eknergy cycle curve nade with bridge at the relay

' terminals,

(a) energization transition relay blocked open
(b) deenergization transition relay blocked open
(¢) energization transition relay blocked closed
(d) deenergization transition relay blocked closed

Current scale - ,01 ampere per centimeter

Upper curve -~ volt-second scale - ,000Y volt-second

per centinmeter.

Lower curve - volt-second scale - .18 volt—second/cm

L -1



Figure 8

Energy Cycle Curve With Relay Free To Operate

Traces: Upper - dnergy cycle curve nade with secondary
winding placed at the armature end of core.

(a) energization transition relay free to operate
(b) deenergization transition relay free to
operate

Lower - dnergy cycle curve made with bridge at the relay
terminals

(a) energization transition relay free to operate
(b) deenerzization transition relay free to
operate
Oscillogram: Current scale - 0L anpere pér centimeter

Upper curve - volt-second scale - ,00C9 volt-second/cm

Lower curve - volt-second scale - .18 volt~second/cm

15 -1
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SECTION IIX
APPROXIMATING ARMATURE MOVEMENT AND LEAKAGE FIUX

OF SEALED RELAYS

The purpose of this report is to determine the armature displace-
ment versus time of a sealed relay and check the results with direct
measurements. If this information could be obtained accurately, various
other mechanical properties could be deduced from terminal information
of a relay.

A relation relating the magnetic properties with the electrical
properties of a relay is illustrated. The graphical results obtain
are empirical due to undefined variations of leakage flux and core sat-
uration. The method used compensates for leakage flux and core saturation.
if present.

The method is based on the Energy Cycle Curve which was described
in Section V on interim report October - November, 1963. This Energy
Cycle Curve represents a graphical correlation of the total flux linkage
versus current of a relay. Knowing the number of turns on the coil, the
units of the plot can be converted to flux (Maxwells) and magnetomotive
force (Gilbert). The magnitude represents the input to the system and
includes all losses, This is logical since the measurements are made
externally. Figure I illustrates a basic curve. It is desired to
modify or reproduce the same: curve to represent the variables which
exist across the air gap during the mechanical transition of the arm-
ature.

By modulating the beam of a cathode ray oscilloscope with a dif-
ferential square wave, additional information could be represented on

the plot. The square wave generator was calibrated to indicate spots

1-III




at one-millisecond intervals. A beam modulated curve is illustrated
in Figure II.

The slope of any point on the curve represents the permeance of

the magnetic system.

The reluctance is represented by the reciprocal,

MMF Ly La MMF
Rn=R: + R, +t KR, =—— = ps — + -_ 4+ | — K
T 1 a L i a

d_) Ai Aa (BL

Ra = Ry — (Ry + KR) = [Ry + Ry + KRL] - [R3 + KR ]

If the plot of the relay Energy Cycle Curve could be obtained
with the armature of the relay blocked closed, and another plot with
the armature free to operate, the difference of reluctance could be ob-
served for any value of flux. Any difference could be due to the vary-
ing length of the armature air\gap. The relay is assumed to have the
following constants.

0. Reluctance of air gap = (Ry)

1. Reluctance of leakage flux = (Rp,)

2. Total reluctance = (RT)

3. Area of iron core = (43)

4o Length of iron = (Li)

5. Area of armature air gap = (4a3)
6. Permeability of iron and air = (u5) and (ua)
7. Magnetomotive force = (MMF)
8., Armature pick-up flux = (®p)

9. Subscripts "B", "Ch, and ¥D" also refers to points on.
figures,

2 - 1I1
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The reluctance of the leakage flux path is in parallel with the
reluctance of the air gap. The constant "K" would include a coefficient
which is the equivalent to the series reluctance. The only unknown
variable which exists in the above equation is the length of the air
gap (£3).

The above statements are expressed mathematically as follows:

Rp = Ry, R = Rj + KAL,

Ry = Rp - Rg = - = (MMF) - MMFg)
¢)p ¢P ®P
aD L
MMFa = MMFp - MMFp = @ (Rp - fg) = 0, [(ua + pi— + Kep)
a 1
2iB 4
- (p‘]_ - + KRL)]
Aj

WMFp - MR = bp [Keapl=K; £,p

Assuming various values of flux (@n) the difference between the magneto-
motive forces of the relay can be obtained from the plot during the
armature transition. The difference of magnetomotive force with arm—
ature block closed and magnetomotive force with armature free to operate
is proportional to the air gap length. Such a curve can be marked in
one millisecond increments and the results plotted as armature air gap
versus time,.

Figure III illustrates two characteristic curves, one with the
armature free to operate, the other is with the armature blocked closed.
The curves superimpose each other except during the armature transition

and before the armature pick-up point.

3 -1III



The curve in Figure III must be modified to represent the condition
existing across the air gap of the relay. It is known that the magneto-
motive force across the alr gap is continually decreasing when the arm-
ature is moving toward the pole piece. The armature in the operated
condition establishes a magnetic circuit in the relay of very low re-
luctance. Therefore, most all the flux exists in the low reluctance
path. Any distortion due to saturation existing in the curve for the
armature blocked closed, will exist in the core during the armature
transition state for the same flux value..

The two conditions which must be satisfied in correcting a curve
for leakage flux are:

(1) The difference between the magnetomotive forces for

any value of flux must be continually decreasing as

the armature moves from the open to the closed

position.

(2) The tangent to the corrected curve and the original

curve (armature free to operate) through the points

intersected by the pick-up flux line must be parallel, .
If the above two conditions are met, the difference of magnetomotive
force for any value of flux between the pick-up flux and the operated
flux value should be proportional to the reluctance of the air gap.

The armature of a sealed relay cannot be blocked closed. However,
various segments of the trace can be obtained, making a close approximation
nossible. The upper portion of the curve will define the trend. By
reducing the voltage and making additional characteristic curves as

illustrated in Figure IV, the trend can be extended. The curve must

start from the zero vertex,

L - IIT
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Figure V illustrates three Energy Cycle Curves of a relay. The
armature blocked open, blocked closed and free to operate. The beam
of the oscilloscope was modulated and each dot represents one milli-
second. The curve was redrawn to scale and enlarged in Figure VI,
The pick-up point of the armature is represented by "Dp" on the curve.
There are 18 dots between "Dp“ and "A" which represent 18 milliseconds
for the mechanical transition of the armature. Line "Bp"; AN is a
curve segment for the relay blocked closed. This segment is rotated
clockwise about "A" correcting for the leakage reluctance. The line
at point "Cp" is tangent with the line at point "D,.". The distance
"Dp", "Cp" represents the magnetomotive force existing across the air
gap at a flux value of "®p". The length of "Dp", "Cp" is proportional
to the length of air gap. Therefore, this distance must continually
decrease as the armature air gap becomes smaller.

Figure VII represents two additional plots of the same rotary
relay as Figure V. The lower trace represents armature travel versus
time and was made by direct measurement. Figure VIII illustrates the
plots of armature displacement versus time., One plot was obtained
from the Energy Cycle Curve., The other plot was the result of direct
measurement,

Figure II illustrates a typical curve which could be obtained from
a sealed relay. This curve is redrawn and enlarged in Figure IX. The
line “AW, "Bp" has been projected through the original. The projection

represents the completion of the Energy Cycle Curve with the relay

blocked closed. The projected line "AM, "Bp" was rotated clockwise about

point "A" until the line at "Cp" is tangent with the line at "Dp" and
the distance between "Cp" and "Dp" is decreasing as the flux "{" is in-
creasing. "C," represents any point on the line between "Cp" and "An,
"Dn" represents any point on the line between "Dp" and "A" which has

5 - I11
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the same value of flux "{v as "Cn".

The distance between "D," and "C," for each millisecond is
plotted on Figure X,

Figure XI represents the armature travel versus time for a
clapper type relay. The measured curve on Figure X was obtained from
Figure XI. The measured and calculated plots correlates very close
for the clapper type relay.

The accuracy of the Armature Air Gap curves was not good. A
method of enlarging the small oscillograms would improve the accuracy
of the plots. The process of obtaining the Energy Cycle Curve must
also be done with care, since unbalance in the bridge will cause an
error in the integration.,

Considering Figure IX, the line "Bp", "A" represents the reluctance
locus of the system with no air gap as the flux increases. The line
"Bpﬂ, "A" could also represent the reluctance locus of the iron and
leakage flux path as the flux increases. The line "Cp“, MA" represents
the reluctance locus of the iron in the system.

If the leakage flux path is all the flux of a system which does
not cross the armature air gap, then the reluctance of the leakage
path would act in parallel with the reluctance of the iron. The
total reluctance could be described as follows:

Ry, Ry

Ry = e
T
RL‘*'ﬂi

Solving for the leakage reluctance (Rp)

RL = ——
Ry - Rp
6 - IIT
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The value for the total reluctance with armature closed and

leakage reluctance can be obtained from Figure IX as follows:

magnetomotive force at point "BM 95
Ry = = —
flux at point "B" 1600
_.. gilberts
= 5.9 x 10" %
maxwell

The reluctance of the iron from the corrected curve is:

magnetomotive force at point (A - C) 245 - 10 235
R: = = =
*  flux at point (A - C) 4560 — 1600 2960
gilberts
= .232
maxwell

A classification factor of any magnetic circuit design could be
obtained by using a ratio of reluctance of the iron divided by the
total reluctance. The classification factor of the clapper type relay

discussed could be:

CH 7.9 x 1072
classification factor = —————— = = 254

Ry + AL 7.9 x 1072 + ,232

The reluctance of the leakage flux path is dependent on the physical
configuration of the relay and could be used in a géneral system of

relay classification.
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TABLE OF SYMBOLS

Ay, = Area of air gap

Ai = Area of iron core

A, = Effective area

L, = Length of air gap

Ly = Length of iron core

e = Effective length

¢>p =  Pick-up flux

MMF = Magnetomotive force

¢, =  Leakage flux

bp = Total flux

P = Permeance

By = Permeability of iron

pp = Total permeability

By = Permeability of air

R, = Reluctance of leakage flux path
Rp = Reluctance of magnetic system
Ry = Reluctance of iron core

MMF, = Magnetomotive force across air gap

g - IIT
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Figure I

-Energy Cycle Curve For Armature Free To Operate

Troces: (a) Flux-linkages versus current during operate cycle
(b) Flux-linkages versus current during release cycle

Oscillogram:Data:
Current scale = ,068 amperes per centimeter

Flux-linkage scale = 2 weber-turns per centimeter

9 -II1 .
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Figure II

Energy Cycle Curve With Cathode Ray Oscilloscope Beam

Modulated At One Millisecond Intervals

Traces: (a) Flux-linkage versus current or

Flux versus magnetomotive force for the coil energizing

cycle with armature free to operate

(b) Flux-linkage versus current or

Flux versus magnetomotive force for the coil deenergizing
cycle with armature free to operate

Oscillogram Data:

Flux-linkage scale = .0l4 weber-turns

Flux scale = 1600 maxwell per centimeter

Current scale = 50 milliamperes per centimeter

Magnetomotive force scale = 63 gilberts
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Figure III1

Superimposed Energy Cycle Curves With Armature Free To Operate And

Armature Blocked Closed

Traces: (a) Flux-linkages versus current with armature blocked closed
(b) Flux-linkages versus current with armature free to operate
Oscillogram Data:

Flux-linkage scale = 2 webers-turns per centimeter

Current scale = ,068 amperes per centimeter

11 - ITI



: /' y‘l ;I i\ o ‘ -

IS/ EN
P4 R
/8 .

Figure IV
A Set Of Energy Cycle Curves For

Various Supply Voltages

Traces: (a) Flux versus current with 1 volt supply

(b) n " " " 2 n "
(b) n " " n 3 n n
(d)‘ " " " (] L om ]
(e) " " ] i.l 5 u u
( £) " u " " 6 n 1
( g) U] L] fn n 7 0 ]
(h) " L ] " g8 n st
( i) " " ] U] 9 ]
( J) 8 & gl L TO I "

 Oscillogram Data:
Flux-linkage = 2 webers-turns per centimeter

Current scale = ,068 amperes per centimeter

12 - 111
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Figure V

Energy Cycle Curve With Time Modulation Of A

Rotary Type Relay

Traces: (a) Flux versus magnetomotive force with armature blocked open

(b) ] ]
(c) " "

Oscillogram Data:

I

Flux scale
Magnetomotive force scale =

Time scale =

1 n

1 unit per centimeter
1 unit per centimeter

1 millisecond per dot

13 - I11
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Figure VII

Characteristic Curves Of A Rotary Type Relay

Traces: Upper - Coil current versus time
Lower - Armature air gap versus time

Oscillogram Data:

1l

Current Scale = 100 milliamperes per centimeter

Armature air gap length = 55% total air gap per centimeter
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Figure XI

Armature Air Gap Versus Time Of A

Clapper Type Relay

Traces: Armature air gap versus time

Oscillogram Data:
Armature air gap scale = 45% total air gap per centimeter

time scale = 5 milliseconds per centimeter
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SECTION VI

ARMATURE MOVEMENT DETECTION AND APPROXIMATION

A part of the work of the Twelfth interim period was devoted to the
collection of more sample information. The approximation of armature travel
versus time of a sealed relay was verified by a few examples and the results
were fair. This work was continued in an effort to improve the accuracy
of the approximation by enlérging the oséillograms and carefully plotting
the results,

For each set of information, simultaneous oscillograms were taken of
the relay. One oscillogram represented the flux versus magnetomotive force,
and the other represented the armature movement versus time.

The detection of armature movement was made difectly from the relay.
Difficulty was experienced in obtaining this information. Two different
methods were used. One method used a photo-electric tube meaéuring the
quantity of light variation. The light method printed a line proportional
to the armature movement. Noise and stability was a problem with this
method. The other method used a differential transformer with a high fre-
quency directly superimposed. As the coupling was unbalanced the am-
plitude of the carrier frequency increased. The system displayed an en-
velope on the oscilloscope. The amplitude was proportional to the armature
movement. The linkage of the system presented a problem as is illustrated
in Figure 7 by the indicated extra curve at "aU which is not due to armature

movement. A new transformer is being prepared to overcome this difficulty.

Figure 1 illustrates a typical energy ecycle curve for a relay with
normal operating voltages. Figure 2 illustrates the current and armature
displacement versus time for the same relay. Figure la is an enlargement

of the oscillogram in Figure 1. Figure 2a shows the results obtained by

1-VI
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calculation and by measurements. The results give a good approximation but
is not as accurate as desired. The photo-electric method was used for
measuring the armature displacement curve. Figure 3 illustrates a cali-
bration oscillogram for this system with four equal settings of the armature.
The measuring system was not entirely linear,

Figure 4 illustrates aﬁother energy cycle curve for a relay with typical
operating voltage. Figure 5 is the corresponding current and armature dis-
placement curve for the same relay. After the armature was seated additional
movement was indicated by the detector. Figures 4a and 5 were used to ob-
tain the comparison of results. Again, the results were reasonable.

By detecting a change in velocity of the armature, one should be able
to determine the closure or breakage position of the contacts with respect
to the armature travel. The armature of a relay operating on very low
voltage will decrease in velocity if additional spring tension is present
from the contact springs. In some cases the armature seems to be stationary
during a certain portion of the curve, Figure 6a is an enlargement of
the oscillogram in Figure 6., Figure 7 illustrates the direct measurement
of the armature movement and verifies that the armature is stationary
during a certain portion of its travel as indicated at point "bn,

Figure 7a illustrates a comparison of the measured and calculated
armature travel versus time. It is seen the direct measurement indicated
the armature is stationary at a different position than is indicated by
the calculated curve.

Another relay was investigated using a low voltage supply. Figures
8, 8a, 9 and 9a illustrate the results obtained. The results were similar

to the previous case. The armature was indicated as stationary at two

different locations,




The results of the armature displacement versus time curves indicates
the reluctance obtained for the air gap is not exact. Referring to curves
2a, Ta and 9a, all curves should stop at the same point on the time axis.
The difference observed is due to the interpretation of the oscillograms.
All the curves have the same slope during the last few millisecons of
operation. During the first few milliseconds of armature movement, the
calculated portion of the curve indicates more displacement than was
measured by the armature motion detector. The differences between the
two curves is believed to be due to the measured values of the back
electromotive force. Any high frequency componenti of a wave would be
shunted in the relay. Referring to the 1lth Interim Report, Section I,
Figure 6; the back electromotive force measured by the bridge is compared
with the induced voltage of a search coil positioned near the air gap
of a relay. The wave form of the back electromotive force méasured by the
bridge has less characteristics than the search coil movement. The energy
cycle curve which is dependent on the bridge measurement also lacks
definition. In a hermetically sealed device an exact representation of
the air gap flux can not be obtained for any operating condition. However,
a good approximation can be obtained if the armature motion is smooth and
continuous. The armature displacement versus time curve is completely

dependent on an accurate measurement of the relay air gap flux.
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Figure 1

Oécillogram of a Plunger Type Relay

Traces:
(a) Vertical axis: Flux linkage
(b) Horizontal axis: Current
(¢) Tr
Oscillogram data:

Current scale: 50 milliamp per centimeter

Flux linkage scale: .0064 volt seconds per centimeter

Time scale: each dot as one millisecond
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Figure 2

Oscillogram of’Current and Armature Displacement
of a Plunger Type Relay

Traces:
Upper curve: Vertical axis is current
Lower curve: Vertical axis is armature displacement
Horizontal axis is time
Oscillogram data:
Current scale: 200 milliamp per centimeter

Armature displacement scale: 25% total armature travel
per centimeter

Time scale: 10 millisecond per centimeter
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Figure 3

Calibration Curve of Armature
Displacement Detector

Traces:
(a) Armature transition from open to close position

(b) Armature displaced .0Ol5" from open position

(o
v

A

ure displaced 03" from open posi
(d) Armature displaced .O45" from open position
Oscillogram data:
Vertical axis: percent of armature displacement

Horizontal axis time: 10 milliseconds per centimeter
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Figure 4

Oscillogram of a Clapper Type Relay "B

Traces:

Vertical axis: flux

Horizontal axis: magnetomotive force
Oscillogram data:

Flux scale: Ky maxwells per unit

Magnetomotive force: K, gilberts per unit
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Figure 5

Oscillogram of Current and Armature Displacement
of a Clapper "B" Type Relay

Traces:
Upper curve: vertical axis current
Lower curve: Vertical axis armature displacement
Horizontal axis: Time
Oscillogram data:
Current scale: 50 milliamps per centimeter

Armature displacement scale: 33% total armature travel
per centimeter

Time scale: 2 milliseconds per centimeter

11 -VI




Lol RSN

9l 4 2i of & 9 v z
(SANOJ3SITUW-IWIL
GE (o7 G2 02 G! al g 0 o
MN L]
S
m
Py
O
mp
52
0% o
S
om H
->» |
: >3 N
aIUNSVIN 6L ™
| | >9
N X v
a3.1vInd o
- 3
00t
.\ ‘G PUD Dp SaUnDIj waouy umoapdy | g8, AVI3Y 3dAL
43ddV¥10 V¥ 40 3NI1 'SA dV9 ¥IV 3¥NIVAY
] 1 m m | 2|

o wleon oo om oo o v @ won sn o sm = 00 e =




o eo@ur o Su BN G U0 e O AU SR BD S W A @R =

b
3
<
-
<
<+
-
-+
[
-
-+
[
-
[
-
<+

n b
rTrjrerrpere

.
4
4
B S
4
+
+
4

3
-
+
+
-
+
+
+
<+
+
p s
-+
+
+
+
s
s
4
+
+
+
<+
+
-+
+
+
+
+
+

X
\
\ \'

Figure 6

Oscillogram of Clapper .Type Relay “A"
Operated on Low Voltage

Trace:
Vertical axis: Flux

Horizontal axis: Magnetomotive force

Oscillogram data:
Flux scale: Ky maxwells per centimeter
Magnetomotive force: Kx gilberts per centimeter

Time scale: 5 milliseconds per dot on trace
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Figure 7

Oscillogram of Clapper Type Relay "Aw
Operated on Low Voltage

Traces:
Vertical axis: Armature displacement
Horizontal axis: Time

Oscillogram data:

Armature Displacement Scale: 20% total armature travel
per centimeter

Time scale: 5 milliseconds per division
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Figure 8

Oscillogram of Clapper Type Relay %Aq"
Operated on Low Voltage

Traces:

Vertical axis: Flux

Horizontal axis: Magnetomotive force

Trace: Modulated in equal time increments
Oscillogram data:

Flux scale: Ky maxwells per centimeter

Magnetomotive force scale: Ky gilberts per centimeter

Time scale: 5 milliseconds per dot on trace
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Figure 9

Oscillogram of Clapper Type "A{" Relay

Trace:
Vertical axis: Armature displacement
Horizontal axis: Time

Oscillogram data:

Armature displacement scale: 33% of armature travel
: per centimeter

Time scale: 5 milliseconds per centimeter
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SECTION III

PROPOSED FIGURE OF MERIT FOR POWER RELAYS

It is desirable to have some qualitative measure to aid in the evaluation
of one power relay type for its suitability for missile application relative
to another power relay type. One possible solution is to develop a relation-
ship which contains those requirements whiqh must be satisfied and those
other parameters which represent desirable, but not critical requirements,

In general, the final design of a device is a compromise and it is
necessary to be able to determine if the compromise is essentially an optimum
one., By this is meant’that it might be possible to adjust one parameter a
small amount and thereby gain a greater amount on another parameter of
equal importance. For example, because of the interrelationship between the
coil power and the coil volume for a given amount of mechanical work, one
type of design might decrease ihe coil volume and thereby increase the re-
quired coil power to do a giﬁeﬁ Jjob while another might_use a larger coil

volume and thereby use less power, It would be desirable, therefore, to

have some means to account for this "trade off". A problem associated with

this determination of a figure of merit for a power relay is the fact that
every parameter does not have the same weighting factor associated with it.
For example, if the relationship between power and weight associated with
the power supply is 40 watt-hours per pound of weight then a different
weighting factor would probably apply than if the relationship was 80watt-
hours per pound., These weighting factors would, in general, be the same
for any particular evaluation and so every device under consideration would
have the same factoré applied to it. Since this figure of merit is pro-
posed as a relative evaluation and not as an absolute evaluation, then the

value of the weighting factors is not as critical because the same value is

1 - III
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used in all cases. In this discussion all factors will be considered to
have equal weight.

Determination of the parameters which make up the figure of merit in-
volves including those which are important and those which should have some
kind of bound on them. In missile applications, the G level the device
will stand is of absolute importance. Other parameters such as coil power,
relay weight and/or volume are also important. Factors such as contact
voltage and current ratings are important since tﬁey indicate the amount of
mechanical work the actuator must perform. 4Another parameter which should
be considered is the operate time since this is influenced by coil power
and coil volume and since too large a value for this might be unsatisfactory.
The number of the predicted operations of the contacts might also be a
factor.

To develop this figure of merit, these factors should be arranged so
that the most desirable values of these factors will either maximize or mini-
mize the figure of merit. Assume that it is desirable to arrange to have
the figure of merit be large for the "best® values of the parameters. With

this assumption, let the figure of merit by the following form.

merit = &2 Vel (1)
(tg) (P ) (wto ) (M)
where G = acceleration in G's
Vc = contact voltage rating
I, = contact cufrent rating
ts = plunger or armature seating time
P, = coil power at rated voltage
wt = weight

¥ = sumof - - =

2 - II1
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N = stability factor (ratio of pick-up to
steady state current)
These factors are so placed that a larger value of the figure of merit
indicates a more acceptable device. In order to get some idea of the
values involved, the following several cases are given.
For the parallel two coil 300 amp power relay the values of the para-

meters in equation 1 are

<i
]

c 28 volts

H

¢ = 300 amps

one set of power contacts

tg = 18.2ms

P, = (28)2/24 = 32,7 watts (operate coils)
wt = 26 oz.

n = 0.55

G = 20 (as given by manufacturef;Afailed

20G in one plane at 330 cps)

The merit figure for this relay not including the power rating of the

auxiliary contacts is

20 (28)(300)
(18.2)(32.7)(R6)(+55)

merit

merit = 19.75 (operate position)
Since this is a two coil operate, one coil hold arrangement, a more indi-
cative value would be determined b& using the hold coil power required and
not the operate coil power required. The hold coil power is 16,35 watts

so the merit figure is

merit = 39,5 (hold position)

3 - III
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The next case is the series two coil 300 amp power relay.

of the parameters involved are:

]
i

The merit figure is

merit

merit

merit

The 75 amp rotary modified unit will be considered next.,

28 volts

300 amps

of power contacts

22,5 ms

27.6 watts (operate power)
7.55 watts (hold power)

30 oz.

0.52

20

20 (28)(300)
(<2.5)(27.6)(30)(.52)

17.3 (operate position)

63.2 (hold position)

of the parameters involved are:

v =
c1

IC'I

two sets of power contacts and two sets of

28 volts

75 amps

auxiliary contacts

VnZ =

I.2

28 volts
25 amps
17.8 ms

19.5 watts

4 - III
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wt = 38.4 oz,
N = 436
G = 5G (measured)

The merit figure is

_ 502(28)(75) + 2(28)(25)]
17.8 (19.5)(38.4)(.436)

merit

merit = 4.8

For additional comparison, consider the 3 pole 25 ampere flat clapper

type. The value of the parameters involved are:

Ve = 28 volts
Ic = 25 anps

3 pole

tg = 20 ms

P, = lh,8 watts
wt = i9.2 0%Z.

N = W41

G = 10

The nerit figure for this type is

1003(25)(28)]
20(14.8)(19.2)(.41)

merit =
merit = 9,0

On the basis of holding power the figure of merit values for the four

Parallel two coil - - 39.5

Series two coil - = - 63.2

Modified rotary — = = 4.8

3 pole clapper - == 9.0
5 - IIT
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Two of the types at present do not meet the minimum G requirement so
probably should not be compared on the same basis as the two types which
meet the minimum G requirements. On the modified rotary it now appears
possible to redesign the unit so that it will meet the minimum G level of
20 g's, This will probably require some additional weight but the increase
in G level will be much greater than the corresponding increase in weight.

In comparison of the figures of merit, the two types involving the
operate-hold arrangement have much larger values of merit figures. One
reason this is so is that only the hold coil power is used in the comparison
listed above. Comparing them on the basis of the steady state power associated

with the operate position the following list results:

Parallel two coil - -~ 19,75
Series two coil - - - 17.3
Modified rotary - - - 4.8
3 pole clapper - - - 9,0

One obvious problem associated with the operate-hold two coil arrangement
is the switch used to control the coil arrangement. Possible malfunctioning
of it could result in the relay not operating. Another point in regard to
the ser ement is that the instantane

. into the
coil terminals is larger than the steady state current. This is caused by
tne fact the operate coil in magnetically coupled to the short circuited
nold coil,

The figure of merit approach does help point out in a quantative manner
the influence of the values of the parameters. For example, the series
two coil type shows up as having the lirgest value of merit figure mainly
because of its low holding power., while the modified rotary has such a low

value because of its low G level. The figure of merit approach apparently
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brings out these advantages or deficiencies which ever is the case.

The next work to be undertaken in this approach is to determine what
values other parameters should have to maximize the figure of merit. Until
a more quantative relationship is developed for the voltage-current rating

of the contacts, work on maximizing this merit figure will not be too productive.

7 - III
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SUMMARY

Part C

Contacts

The primary objective being pursued in this area is the determination
of the relationship between the contact material transfered and the prob-
ability of failure and the determination of the companion relationship be-
tween material transfered and the contact system parameters. The contact
system parameters involve those which are mechanical such as, contact forces,
impact and opening velocities and accelerations, bounce, thermal conductivity
and temperature, those which are environmental such as, atmosphere tem-
perature, gas mixture, pressure, humidity and rate of gas flow.

In section two of this part a calculation of the energy trans-
formed in the arc during contact opening is determined by numerically solv-
ing the differential equations which respresents the arc characteristics,
the power source and load characteristics. Only limited experimental data
has been obtained so that correlation of calculated and experimental data
is also limited. Equipment has been developed and is being assembled to
measure the arc energy per operation and also to measure the contact
material transfered. This data is to be correlated to determine the relation-
ship existing between contact meterial transfered and arc energy.

The last section presents some of theory associated with the mechanism
by which the material from the contact is transfered. This discussion a1

energy balance development is limited to the "short arc" condition.
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SECTION I
THE CONTACT SUBSYSTEM:

OBJECTIVES FOR RESEARCH

I Introduction

The objective of relay contact study is, in general terms, to develop
principles and relations which will allow the design engineer to select
materials and construct a contact system to meet a specified set of require-
ments. In more specific terms (see reference 1) the design process may be
defined in the following way:

Given a set of criteria (requirements to be met by the system)

the design process consists of establishing a set of specifications

(materials, size, etc.) that satisfy the given criteria.

The set of all criteria and specifications constitute the parameters of
the contact system. The objective of relay contact research, then, is to
obtain relations between the parameters of the contact system. The ultimate
goal, of course, is to relate the criteria to the specifications.

II Definition of the Contact System

The switching contact is known to be an extremely complex device. One
class of phenomena associated with contact operation can be described em-
pirically but are not understood theoretically. Another group of character-
istics of contacts has never been studied with the objective of relating
the criteria of operation to the specifications. Because of this lack of
carefully organiszed information, il is necessary to define carefully the
device under study. A tentative definition of the contact subsystem is as

follows.
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Contact Subsystem

The contact subsystem is defined to be the contact material
and the atmosphere surrounding the contacting surfaces.
This definition provides carefui delineation of several phenomena
associated with contact operation. The circuit subsystem, as well as the
mechanical subsystem, must be coupled to the contact subsystem as shown below

in Figure 1.

circuit contact mechanical
subsystem subsystem subsystem
————————| —————————1
————————§ .
Figure 1

This system diagram helps to place in perspective the inter-relation among
the three major classes of parameters of interest. Here, the contact cir-
cuit subsystems will (most often) unilaterally influence the design of the
contact subsystem. On the other hand, design parameters relating the con-
tact subsystem to the mechanical subsystem will generally be adjusted bi-
laterally. As the interest here is in high current contactors, this dis-
cussion will be limited to contact subsystems in this class.

III Design Criteria

The criteria to be applied to the design process will depend upon the
particular application at hand. However, if the contact research engineer
is to work efficiently toward his objective, he must have at hand at least a
set of fundamental criteria. Each specific criteria represents a goal of one
phase of the research project. A few of the criteria fundamental to contact

design are:

2 - 1I
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(a) number of operations to failure of relay
(b) contact resistance
(¢c) contact linearity

(d) time to circuit open after operation initiated

~~

a
~

~—r
ct
4
3
[

ime to circuit cleose afte

=
O

(£) duty cycle
(g) cost
(h) size and weight

IV Design Parameters

The parameters which influence the design of the contact subsystem may
be divided into two classes. A group of these parameters will be specified
by the application at hand; these we shall call the specified parameters,
Another group will be determined by the specified parameters and the criteria,
The specified parameters are of particular interest to the research engineer
since they should form conceptually a set of independent variables of the
system. A number of specified parameters associated with the contact sub-
system are listed below. Not all of these will be specified in every ap-
plication however.

I Specified parameters of the contact circuit subsystem
(a) current (steady state and transient)
(¢) open circuit voltage (a.c. or d.c.)
(d) impedance of the circuit (including any nonlinearities)
ITI Specified parameters of the mechanical subsystem
(a) force on closing contacts
(b) speed of opening and closing contacts

(c) acceleration of opening and closing contacts




(d) Dbounce (frequency and magnitude)
(e) thermal conductivity
(f) temperature
III Specified parameter of the contactor subsystem
(a) temperature of the atmosphere
(b) gas content of the atmosphere
(¢) humidity of the atmosphere
(d) velocity of the atmosphere

V Relations for the Design Process

The complex nature of the contact system provides a number of challenging
problems for the research engineer. Some of these are difficult because of
the nature of the system involved; others have not previously been studied.
The very fact that materials play a primary role in the design process is
important. The thermal, electrical, and mechanical properties of materials
commonly used for contacts do not follow the linear relationships to which
the design engineer is accustomed. This is especially true of the electro-
mechanical phenomena associated with contact operation.

One of the most important design criteria of the contact subsystems is
the number of operations to failure. There are several types of failure of
particular interest. These are:

(a) contact circuit will not open
(b) contact circuit will not close

(¢) contact circuit closes when contacts are in
open position

(d) contact circuit opens when contacts are in
closed position

Failures of type (a) and (b) are of special interest to the high current

relay designer. Here, material removed from the contacts upon opening may

4~ 1
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establish a steady arc in the space between the contacts, preventing the
circuit from opening. On the other hand, if the circuit does open, the
material removed from the contacts during the trial of the arc may prevent
reclosing the circuit.

Relations have not been established to relate the material transfer
during the switching operation of the contacts to the probability of failure.
Material transfer is defined as follows:

Material transfer is the removal of material from the contact

regardless of where it is deposited.
Thus, the relations between probability of failure and material transfer
may be classified in two ways.

(a) The probability of failure due to material transfer in which
the material is not deposited on the contactor subsystem.

(b) The probability of failure due to material transfer in which
the material is deposited on the contactor subsystem.

Material transfer in high current contactors is known to be due primarily
to three phenomena (reference 2).
(a) Bridge transfer (sometimes called fine transfer.) A molten

bridge of the contact material is formed at small spacings,
especially upon opening the contacts.

(b) Short arc transfer. Material is transferred here by the ion
current of the arc. This arc is distinguished from the plasma
arc (c) by the fact that its diameter is several times greater
than the length.

(¢) Plasma arc transfer, Material is transferred by the ion current
and diffusion.

While there has been an appreciable amount of work on the relations
between material transfer and the parameters of the circuit subsystem, no
generally acceptable result has been established for the high current con-

tactor.
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The other criteria listen in section III are, for the most part, directly
related to the phenomena described above., Thus, once the material transfer
process is understood, the research engineer will be prepared to study the
other criteria, searching for the relations of interest to the design engineer.

VII Specific Research Objectives

As indicated above the research objective at this time quite naturally
involves a study of the relations between (1) material transfer and the
probability of failure, and (R) material transfer and the circuit parameters.
Because of the complexity of the problem and the radically different phenomena
involved, it is necessary to limit the field of study. The hope is, of
course, to be able to enlarge the area being studied at a later time.
Initially, failures of type (a) and (b) will be studied. Failures of type
(¢) occur primarily in high voltage circuits and those of type (d) are not
common to high current contactors. Short arc and plasma material transfers
are of primary interest in the high current contactor and the investigation

will deal first with these.

References:

l. Analyze, Study,and Establish An Optimum Power Relay Design; January 1
to June 30, 1952; NAS 8-2552.

2. Electric Contacts Handbook; R. Holm, 3rd Edition; Berlin, 1968,
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SwCTION TIX
COHTACT SIMULATION ON

THi DIGITAL COMPUTER

In Section I of the Tenth Interim Report (1) it was stated that one
of the imnediate objectives of contact research was to study the relations
between contact material transfer and the parameters of the circuit con-
nected to the contacts. One of the present areas of investigation (1) is
the relation between the energy dissipated by the arc of the opening con-
tacts and the material transferred. Historically the current through a
pair of opening contacts has been thought to strongly influence the amount
of material transferred. Thus, with the overall objective in mind, a
method of calculating the current, voltage, instantaneous power and total
energy dissipated by a set of opening contacts has been developed and
checked experimentally.

During the course of the investigation it became apparent that the
original objective was not complete, and should be restated. In the Tenth
Interim Report, referred to above, the relay contact system was divided
into three parts for ease of analysis., These were: (1) circuit subsystem,
() contact subsystem, and (3) mechanical subsystem. The objective should
be restated to include each of the three subsystems. Thus, the goal is to
determine a relation between material transfer and the parameters of the
three subsystems. These will be described in detail below.

The digital computer was programmed to solve the nonlinear differential

- - .

equation relating the three subsystews described above. A greal deal of
insight can be obtained from these calculations. For example, it is quite
easy to vary a parameter of one of the subsystems without affecting any

of the other mechanisms involved. Thus, the effect of certain contact

1-IIT




design changes over a wide range of values can be observed rapidly. These

calculations will form tie baciizround for experiziental work to follow.
ilethod of Calculation

The contact subsyste was represented by tie circuit diagrax shown

4.

in figure 1. An important feature of tids calculation is tae ability to

solve tie circuit containing inductance.

IARC
L VT
— E {

Figure 1

Representing the voltage across tre arc by Vg, a function of the dependent
current 1 and the independent variable time, t, we can write the [irst
order differential equation of the circuit,

di

L— + Ri+7V, (3, t) =E
dt

The motion of the contact is sturted at t = 0. Thus, the initial current is

i (0) =-—.

=3

The ability to solve this systen hinges upon the information available
for the arc voltage, V. A large voluie of data collected by Ragana Holm
(2) and others has shown that the ssteady state volt ampere characteristic
of an arc can be represented by a set of 'mormalized" characteristic curves
and tiree parameters which are chosen to characterize the material under
The normalized curves are shown for different contact spacings in

studye.

Figure <. If I is the abscissa and V the ordinate of this normalized curve,

2 - IIT




one ray approxinabe.

1l

T, = C(V + Vn)

I+,

I

Ta

Here V,, is the so called minimum voltage of the arc corresnonding to the
cathode material, Im is the minimum current of the arc apsroaching the
value of the anode material, and { is a correction factor to correct for
plasmas in which the voltage gradient is unusually high. These parameters
are influenced by the type of atmosphere, humidity, cleanness of contact,
and shape of the electrode.

It is reasonable to question the application of these static curves
to the dynamic problem under study. In this regard it is interesting to
consider the analogous relation between the arc v-i curves and similar
static curves for vacuum tubes and transistors. Static curves for these
devices are useful for dynamic conditions below the frequencies at which
the capacity of the nonlinear device becomes significant. Perhaps it is
possible to apply the static curves of the arc over a similar range of
dynamic conditions. Experimental evidence presented later seems to verify
this conclusion. While the capacity of the arc does play an active part
in the c¢ircuit, it does not seem to influence appreciably the average
current, voltage, and power of the arc. The other dynamic parameters
such as temperature, ion recombination, mass transfer and electromagnetic
radiation will, it seems reasonable to expect, more significantly in-
fluence the arc characteristic as the arc energy becomes large and the
contact opening speed becomes greater.

Each arc length curve of the v-i characteristic is treated as the
grid line of a vacuum tube characteristic. The mechanical subsystem is

coupled to the contact subsystem through these curves. The spacing is,

3 -11I




of course, a function of time determined by the opening characteristic of
the mechanical subsystem. It may be possible to simulate contact bounce
through this mechanism. Thus, with a v-i characteristic to represent the
arc characteristic as a function of current and time, a numerical solution
can proceed, The numerical methods and program details are not of par-

ticular interest here. These are presented in the Appendix.

Calculated and Experimental

Data

Calculated and experimental data for a 2 amp relay are presented
in Figures 3 through 7. The contact was used to open a circuit with

the following parameters,

E = 25.2 volts
R = 12,6 ohms
L = ,110 henry (air core).

The maximum contact spacing was set at 1 maz and the mechanical opening
time measured at 1ll.4 m. sec. Thus, the velocity was 87.7 mm/sec. Values
of Vm = 12,0, I, = 0.0, and { = 1.0 were selected from data tabulated by
R. Holm (R) for silver plated contac
temperature.

The agreement between the experimental and calculated data in Figure 3
is striking.. It is especially important to note that the area under the
V-I plot is the total energy dissipated by the contact subsystem. Clearly
the calculated value of 16.8 watt-sec. is in good agreement with the
experimental data. Figures 4 and 5 do not indicate the same degree of
agreement, It is quite possible that the armature did not move with the

constant velocity assumed for the calculation. If, for example, the elastic

L - IIT
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force of the molten bridge slowed the initial velocity, the computed voltage
would be higher than the experimental value.

Figures 8 and 9 illustrate the effect of the mechanical subsysten
on the energy of the arc. Here the circuit parameters and material con-
stants were held constant as the speed of contact opening was increased.
The maximum opening distance was held constant at 1 mm. Note the large

increase in arc energy for slow opening speeds.,
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Figure 6
Contact Voltage
Vertical Scale: 20 volts/cm

Horizontal Scale: 5 mllllseconds/cm
B =252, R =126, L = 0,110

Figure 7

Contact Current
Vertical Scale: 1 amp/cm
Horlzontal Scale: 5 mllllseconds/cm
= 25,2, R = 12,6, L = O 110
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Appendix

A block diagram of the computer prograr is shown in Figure B and a
listing of the program follows this section, Two aspects of the compu-
tational scheme are of particular interest. The integration procedure
deserves some special comments and a method for calculating V, will be
discussed,

A predictor corrector method of integration is used to solve the
differential equation. This method utilizes the slope of the curve at
the present point of the solution and the value of the solution at one

back point to predict the next solution point. Thus

yp=yn__l+2hygn’

where Ip is the predicted solution at the point n + 1, y'y is the slope
at the middle point n, and Yn - 1 is the solution at one back point,
Having estimated the next solution point, the true value is corrected by

the equation

Y'y1 TV

Yo =¥ th

Here the average of the slopes y' -4 ; and y'n is used to get the corrected
solution point y,. Expanding by a Taylor series (3) the error term can be
shown to be
h3
- —— y“i(t)
12

The program is arranged to calculate this error and check to see if it is

less than the value specified by the user. If the required tolerance has

13 - III
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been reached the value of the curve at the new point is printed. On the
other hand, the program reduces the size of the interval h and repeats
the above process.

Since the current curve is rather slowly changing for time near zero
the integration will be quite slow, To speed the process the program
estimates an increment h based upon the largest current step the user
will allow. Thus, the program automatically selects the optimum interval.

The arc voltage, V, ;is interpolated from a table of numerical values
taken from Figure I, Given the current I, and a contact spacing S,, four
values of arc voltage are read from the table. These correspond to values
of current and spacing on either side of the desired I,, S,, as indicated

in Figure A.

Figure A

voltage V

current 1

The two values, Vyo and Vzg, are calculated by the linear interpolation

equations

S

N
I
wn

Se = Sy

-
<]

T = Va. 4+ (Vor = Va.)
YET Y \vea e/

7
Sy - S
Vio=Vig + (V42 =Vyy) | —

Sz "“S‘]/ .
A curve of the form

V, (I) = (A + BI)™?

14 - III
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is used to calculate the arc voltage V, at the point

I=1I,

The constants A and B are calculated to pass the curve through the points

Vy0 and Vzg. The equations for A and B are

Vio - Vzo
B =
Vio Vao(Iz - I,)
and
1
= m—— - BI" °
Vio
Thus, V, can be calculated as

Va (Io" So) = (A + BIO)_1 *

The process described above is quite fast considering the length
of the table look up and interpolation scheme. A complete calculation
with an accuracy of one tenth of one percent or greater can be performed

in about ten minutes.

15 - III



™ e S G0 W Mw AN ) SR N My W S S WGE =

READ INPUT
DATA

COMPUTE
VALUES

o
4

COMPUTE
PREDICTED
VALUE

SUBROUTINE
COMPUTE S,

Y
COMPUTE COMPUTE V,

CORRECTED
VALUE

Y

COMPUTE
ERROR

REDUCE
INTERVAL

PRINT
CALCULATED
DATA

Figure B
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SECTION V
SOME ENERGY, TEMPERATURE AND MATERTAL TRANSFER RELATIONS FOR RELAY CONTACTS

I. Introduction

One specific objective of contact research is to identify and describe
by a mathematical model the parameters of the relay contact subsystem
which control the probability of failure of the contacts. An important
aspect of this study is the determination of the material transferred
in the region of the contact electrodes. The material transferred during
contact operation is influenced by many factors. For example, the phe-
homena at contact opening is quite different from that at contact closing.
The circuit parameters and mechanical subsystem can change the character
of the opening and closing operation radically.

Here we will consider some of the aspects of contact opening. In
particular, the circuit parameters and mechanical subsystem are assumed
to produce an arc upon contact opening which is a "short arc®. The bridge
transfer which precedes the short arc formation is neglected. This
assumption appears reasonable for medium (25 to 100 amp) current contactors

operating in inductive circuits with short time constants. By short arc

- > 10 (See Ref. 1 and 2)

II. Short Arc Phenomena

We will represent the contact electrodes and the arc by the model

shown in Figure 1,
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Model of Short Arc
anode fall

cathode fall ¢§;

+ o+t o+ = ==

cathode Anode

)

Figure 1

The cathode fall region contains a high concentration of ions. If the
contacts are operating in a gaseous atmosphere, the cathode fall region
will contain a mixture of gas and metallic ions. A significant flow oc-
curs in this region. The glow is due to the photon energy released by
an electron as it neutralizes an ion., Experimental evidence indicates
that most of the deinonizmtion. occurs on the cathode surface. The anode
fall region is a dense electron cloud region.

The total voltage across the electrodes will be denoted by V, while
the anode and cathode fall will be Va‘and Ve, respectively. The potential

distribution in the arc region is well known?3.

d®v g
_— = - - (1)
dx= €

and the charge density given by

| e

o= (2)

<
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the potential distribution is

=22 " 5

where p is the mobility of the chafge carrier and J is the currehnt density.

The potential and electric field are assumed to be zero at X = O.

The short arc is characterized by very high current densities, 103 to
108 amps/cm?. Emission of current carriers from the cathode is produced
by both the Schottky and thermionic processes,

Experimental evidence indicates that the diameter of the arc at the
cathode is quite small. The area of the cathode electrode covered by the
arc is called the cathode spot and may be lO-z‘tO»lO_s cm in diameter.

In the discussion to follow, we shall assume the electrode spacing
s Yo be constant. This appears to be a reasonable assumption for the
short arc of a typical relay (Ref. 2). If the circuit contains any in-
ductance, the voltage across the electrodes will not be constant. Thus,

the power calculations which follow must be interpreted to be instant-

aneous quantities.

IITI. Instantaneous Power

Balance at the Cathode Spot

Some significant information about the energy dissipated by the arc
and the material transferred by the contact electrodes can be obtained
from a study of the power balance at the cathode spot, anode spot, and
the arc region between the electrodes. This analysis is approached by
considering separately the rate of energy input and outflow from the

cathode spot. The cathode spot is assumed to have negligible energy

3 -V
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storage because of its small size. We shall define the entire region of
molten metal to be the cathode spot.

There are five modes of power input to the cathode spot. First, ions
are accelerated toward the cathode by the potential distribution of the
cathode fall., They may be assumed to acquire a kinetic energy of V,
electron volts., The assumption here is that ions are produced near the
cathode fall anode fall interface and there is no rebound upon striking

the cathode. We represent the ion current by I+ and recall that

= 2
I, = nqvma, (4)

where N is thé ion density, q the ion charge and v, the ion velocity.
Thus, V,I_is the rate of energy (Joules per sec) or power flow into the
cathode spot by the collision energy of the ions.

The «e~nond component of energy is released by the electronic neu-
tralizing the ions on the cathode spot surface. Letting the ionization
energy be Vi electron volts, the rate at which energy is added to the .

cathode spot by ionization radiation is KciViI+“ K . is a proportionality

ci
constant relating the total energy radiated by the ionization process to
the portion incident at the cathode spot. A reasonable estimate for Kci
is 0.5. Several values of Vi for gases and metals of interest are, given
in Appendix I, No. III,.

The total electron current, I, flowing through the cathode spot

region will produce a conventional resistive heat loss, Since the cathode

spot is not of simple shape (See Section VI), we must write the loss as

Jf iRpdv = Ich

Te

where Te is the volume of the cathode spot, j is the cathode spot

L -V
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incremental current density, and p is the resistivity. This power input
is represented by an equivalent Ich for convenience.

A fourth heat input to the cathode spot is the radiation of energy in
the cathode fall region. The gases in this region can reach temperatures
as high as 3000°K at pressures 10 to 20 times atmospheric pressure. This
power input will be denoted by Pcr'

The fifth energy input is due to the latent heat of condensation of
unionized molten metal atoms in the gas near the cathode spot. This power
will be designated by Pcc'

Energy is carried away from the cathode spot by three mechanisms, A
large component of power is required to overcome the work function, p, of
the cathode spot metal. This power is g I, where I is the total arc
current. The work function for several common materials is tabulated in
Appendix II.

A second power outlet from the cathode spot is by way of conduction
to the bulk cathode material. Although the cathode spot is not planar,

one may approximate the heat flow by

hacK (Tc - To).

Here
K = conductivity of the cathode material,
Tc = temperature of the cathode spot,
To = temperature of the cathode bulk material.

The third power sink and one of particular interest here is the latent
heat of evaporation of the cathode spot.. This occcurs in twe steps. A4

fixed quantity of heat is required to melt the cathode spot material., A

second component of power 1s removed from the cathode spot by the energy

5-7
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required to change the molten cathode material to vapor. This rate of energy

removal is denoted'by Pce' Heat of vaporization for several materials is
listed in Appendix III.

Now, if the cathode spot is small, the energy stored there can be
neglected; a power balance must exist between the energy input to the

cathode spot and the mechanisms for power dissipation. Thus

2 =
VcI+ + KciviI+ + I Rc + Pcr + Pcc

g+ 2a K (T -T) + P_. (5)

IV. Instantaneous Power

Balance at the Anode Spot

The power balance at the anode spot is similar to that at the cathode
spot. Here the kinetic energy of the electron, Va electron wolts, is dis-
sipated to the aﬁode‘spot in a collsion that does not have any rebound.
Thus, the collision power input to the anode spot is VaI' Here we assume
the total current flow to be due to ions.

At the anode spot an electron gives up an energy of Q electron volts
h

when it falls down the potential barrier (height of the potential bar-

rier is the same as the work function, ?) at the surface of the anode

spot. This power is denoted by 9 I.

As with the cathode spot, an I*R loss given by

f FodV = IR
Ta

will produce heating in the anode spot,

The power input at the anode spot due to the radiation of the cathode

fall gas is denoted by Par' The latent heat of condensing metal vapof

6 -V
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will be designated by Pac'

Energy is removed from the anode spot in two ways. In the first case

heat is conducted to the bulk anode material. As before this is denoted by
La, K (’I‘a - To).
The second case is heat removal by evaporation of the anode material. As

with the cathode we denote this power by Pae'

Now the power balance equation for the anode can be written.

2 =
VaI+5ZI+IRa+Par+Pac—

»

V. A Significant Result

If we assume

Par = Pcr’ (7)

P ~ P
ac ce
AaaK (Ta - To) = hacK (Tc - To):

(VP + KciVi)I+ = VaI’

we can subtract equation 5 from equation 6 and obtain

gI=—gI + Pae_Pce
or

Ple~Pe=201 (8)
Since 2 g I is greater than zero, the rate at which energy is carried from

7=~V
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the anode by the metal vapor is greater than that of the cathode. Thus,
the anode deteriorates faster than the cathode. This fact is verified by

experimental evidence (Ref. 1).

VI. Temperature Distribution

in the Electrodes

The tempefature distribution in the electrode face can be calculated
and from this knowledge of the melting point of the electrode material,
the size of the spot can be determined. We assume the radius of the arc,
a, to be much smaller than the radius of the electrode material. Thus,
the electrode can be represented by the semi-infinite region, z < o,

shown in Figure 2.

Figure 2

The temperature distribution in the electrode must obey the diffusion

equation
Be ) -
— = AV 9, (9)
at
K
Here A = — is assumed to be constant throughout the electrode. K is
peC
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the conductivity of the material, p the density, and ¢ the specific heate
The boundary condition applicable to this problem is one in which the heat
flux gg is specified across the surface of the electrode, Thus,

36

—= r<a
3 ! -

38

— = 0 r > a.

an
The general condition in which the heat input to the electrode is a
control function of time is assumed here. The partial differential
equation is not readily solved as it stands., Thus, we assume the solutions
® (ry24t) to be a sum of two solutions, a transient solution v (ryz;t)

and a steady state solution U (r,z).
g (rys, t) = U (r, z) +v(r, 2, t) (10)

Symmetry eliminates any angular variation in temperature. Substituting

(10) into the PDE (9) we obtain two equations to be solved,

v?U (r, z) = O (11)
du
a— = ? r S a
dz
du
- = 0 r>a
fe}4
VvV
and — = K V3% (12)
dt
9 -V



v
— = 0 r>0
22
v (ry, 2y0) ==U (r, z).
We solve for the steady state solution first. Multiply both sides of

equation (11) by the Hankel kernel r J, (fr) and integrate with respect

to r from zero to infinity.

32U 1 U 3°
—rJ, (r) dr + ~«—rJ°("r)dr+-—2 ur J, ("r) dr = 0. (13)
az®

ar? r 3r
We denote the Hankel transform of u (r;z) by

[ur J, (*r) dr. (1)

Integrating the first integral in (13) by parts we obtain

@

o0 o
*u u du d
—rd(r)dr=r—J, ("r) - — — [J, (fr)] dr (15)
o Or ar o o or dr
and ¥
d%u du * Ju
—rJ, (fr)dr=r—Jo (r) - — J, (fr) dr
o ar? ar - o ar
(Y, . (4
+ "ur J; ("r) - r® f ur J, (‘r) dr (16)
[+ [+]

Now adding the second integral in equation (13) to both sides of equation

(16) we obtain

T 3%u T au

J — rJ, ("r) dr + — Jo (“r)dr =

o ar? ar
du ® ®

r —J, (’r) + fu dy (") - 3 ur J, ("r) dr (17)
dr o o

10 -7V
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Evaluating the limits in (17) and requiring suitable bounds on aU/Br and U

we can write the right hand side as - ~%U, Thus, the transformed partial

differential equation becomes the ordinary differential equation,

d?u
— - "Ry=0
dz®

with solution

r <’
U=g(")eZ+f ()e 2

Since U ("y2) must remain finite as z approaches infinity for all

~

“, (") must be zero. Thus,

Now we calculate the transform of the boundary condition

du 3u a?
—] = —| rJd, (‘r) dr = - ¢ fJ, (fr)dr == —J, (fa).
dz o 032 A 3

z =0 z =0

du ag
Also —| =-rf£(r)=-—4J, (ra),
dz g3
z =0

and we have

2y

£() ==, (“a).

From this we write the transform of the solution

. a o
U=—4J, (“d) e ~
Ca

11 -7V
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(19)

(20)

(21)
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|
}
|
|
|
|
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'

Now we apply the inverse transform and write
-2
e .
u (r,z) = ag/j a Jo (a) d, ('r) dr. (23)

The steps for the transient solution are not carried out here as
we are interested primarily in the steady state solution. From equation
(23) the temperature at any particular r and z can be calculated., A

series approximation to the integral is the most convenient method for

determining the required numbers.

12 -V




Element

Al

Af

Au

Cu

Ni

Appendix I
Jonization Potentials in Electron Volts

(Ref. 4)

Ionization Level

I II III v \
5.98 18.74 28.31 119.37 153.4
746 LARYA 35.9 - -
92 19.95 - - -

1.3 2he3 47.7 64.2 389.9
77 20,2 - - -
13.6 - - - -
1445 29.5 47.2 7345 974
7.6 18.1 - - -
13.6 349 54.9 77.0 109.2
13 -V
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Appendix II

Work Function in Electron Volts

(Ref. 5)
Aluminum 4,08
Carbon Le6
Copper 4.38
Gold LeR5
NiCkel 5 . 03
Silver 3.56

14 -V



Appendix III

Heat of Vaporization

(Ref, 6)
Pressure 760 mm Hg
Element Temperature AH
°K Kilocal./mole

Ag PINR 60,72

Al . 2600 ' 67.9

Au 2933 The2l

Ni . 3073 91.0

15 -V
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SUMMARY
Part D

Design

This part is mainly concerned with the determination of possible para-
meters that can be optimized under certain constraint conditions and the ep-
plication of these results in improving the design of existing units,

Presented in the first section is a study of the pull per watt for
circular cores compared to square cores for a given rectangular prism
volume occupied by the envelcpe of each. The results indicate that the
circular core is 1.27 times more efficient than the square core.

The second and third sections present a study of tha magnetic pull as
z functicn of the apex angle for given core widths or diameters and was made
for several configurations, including the circular, wedge and parabolic
shapes. The angles for maximum pull are a function of the ratio of the
working air gap reluctance to the non-working magnetic circuit reluctance.

The fourth section of this part is the theoretical development of
the delay time and armature transit drop-out time as a function of the
relay parameters. A rigorous solution of the non linear differential
equation which describes the armature transit time in terms of general sym-
bols is not possible as yet. A solution was arrived at by making some
practical assumptions which lead to two different conditiomns of drop out.

A weighted combination of these two solutions appears to give a satis-
factory relationship for the armature drop-out transit time.

The last section of this part ;resents a design modification of
the economized parallel coil 300 ampere contactor resulting from op-
timizing the pull per watt. The desire was to be able to eliﬁinate the

need for the economized ccil arrangement which involves a control switch




and to develop a one coil unit requiring essentially the same amount of
holding coil power as the economized unit. This appears to be possible
if the assumption is correct that the single coil mathematical model, with
the same number of turns and coil resistance as the two coil unit, rep-

resents the two coil unit.




SECTION II

FORCE~PHYSICAL SHAPE RELATICNS FOR THE BIPOLAR TYPE COIL ARRANGEMENT

The following discussion includes some of the basic relations
concerning square and circular coils;, a development of a relation
which obtains the maximum holding force per watt input per unit
volume, and a ccmparison of the holding force per watt input for
square and circular coils,

Figures 1 and 2 show the types of coil arrangements considered

and Table I is a listing of the parameter symbols and definitions.
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Cireular Coils
Figure 1

111
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Square Coils
Figure 2

Table I

Parameter Symbols and Definitions

effective area of working air gap = md® a/h

air gap factor of core diameter

air equivalent length of the non~force producing part of the
magnetic circuit,

clearance above and below the coils, contains the armature,
flux paths, etc,

circular core diameter.

square core side.

d + u inside diameter of circular coil.

d; + u inside length of square coil side.

diameter of bare wire.

clearance between the two coils.

2 -1I
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F = magnetic pull force per pole in grams.
g, = winding space factor for the turns.
gr = winding space factor affecting the resistance.

£ = coil length.,

L, = mean length per turn for circular coils,

Lg = mean length per bLurn for square coils.

No = number of turns on circular coil.

Ng = number of turns on square coil,

P = coil input power in watts.

R, = resistance of circular coils.

Ry = resistance of square coils,

p = resistivity of wire used in coil.

s = outside diameter of the circular coil or length of the outside

width of the square coil.
u = distance from the core to the coil inside.
B, = permeability of free space = 3,19,
X, = length of armature working air gap.

The following discussion does not consider the effects of changes
in the reluctance of the flux path through the iron due to changes in
the volume occupied by the particular coil configuration. This is
believed to be a valid omission, because of the very high relative
permeability of the iron as compared to the air gap, except in the
limiting cases, such as, the core diameter approaching zero.

From a strictly geometrical approach the number of turns and the

mean length per turn can readily be found to be:
/.g,f, gn (S =~ D)
N, = (1)
¢ 2
e .
3-11
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3 Le gy (s = D)

N (2)
° 6%
n
L, == (s + D) (3)
2
L, =2 (s +Dy) (4)
Using these relations and the basic formula for determining
PN Lg,.
resistance, R = , We have:
ﬁéz/h
892, 8 & (s =D)(s + D)
Ry = (5)
o4
32 P 25 g, 8 (8 =Dy)(s + Dy)
Rs = (6)

e 6%
In a previous Interim Report covering the period 1 October to 30
November 1962, page 7 - II, equation 28, it was shown that

L.03 x 107° u, NIRA
F =

—~
~1
p

2 (2 x4 + @)

If we consider F = XI® where X includes all quantities on the
right of equation (7) except I®, and noting that P = I*R we have
XI® 4,03 x 107> u, N*A

F ; .
—=—= - (®)
PRI 2 (2%, + @)? R

With the substitution of equations (1), (3) and (5) into equation

L - II




(8) an expression for force per watt for the circular coil construction

is obtained.

F 4403 x 107> p, £ g, (s - D)A
— (eircular) = (9)
P mp g, (2x,+@)® (s + D)

Using equations (2), (4) and (6) a similar expression for the
square coil construction is obtained.,
F 4.03 x 107> p, £ g, (s = D1)A

— (square) = (10)
P bopg. (2%, +@)? (s +Dy)

As a simplification to a form which shows the effects on F/P due
to changes in overall dimensions, i.e. F/P as a function of £ and s,
and considering D as a fixed quantity, we have
F L (s - DY)

-—=K
P (S'ijD')

(11)

where D' represents either D or D, and K incorporates all quantities
of equations (9) of (10) not dependent upon £ or s.

Investigation is made of force per watt per unit volume to determine
an optimum relation between s, £ and D, if any. The volume considered
here is the volume of the rectangular prism which incloses all dimen-
sions of Figures 1 or 2. The volume for either square or circular coils

can therefore be expressed as

V=s (L +C)Rs + e) (12)

5-1I
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Let the symbol U represent the value of force per watt per unit
volume, i, e, U = ﬂﬂ?m Now from equations (11) and (12) we have

K2 (s~ D)

U= (13)
s (s+D")(£+C)2s+e)

If the partial derivative of U with respect to £ is set equal to
zero the equation reduces to C = 0, which is not the physical situation.
This implies that U has no finite extremums as £ is varied.

If the partial derivative of U with respect to s is set equal to

zero it can be reduced to

(s/D1)? + (e/iDt - 1) (s/D1)* - (e/2D' + 1) (s/D') - e/kD' =0  (14)

Only one of the three solutions of this equation gives a real positive
value for s/D' as e 1s varied from O to D', This implies that of the
three extremums of U as s is varied only one is physically realizable.
Since it is intuitively obvious that U is a minimum at s/D' = 1 and
s/D' = ® and since only one real extremum occurs between these two
minimums it must be a maximum.

A graph of the real positive solutions to equation (14), i.e.
s/D' as a function of e/D', is presented in Figure 3, The coordinates
of Figure 3 represent e and s as functions of D!,

A logical continuation as a result of the proceeding development,
which relates s, e and D! for maximum force per watt per unit volume,

is to investigate the possibility of a relation between £ and s or D!

for which the maximum force per watt in a fixed volume would exist.

6 - 1I
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As a first step, equation 10 is rewritten for F/P as a function of

the variables £, s and D' such that

F XK' 4 (s =Dt) wD? Ki (s = D')(D!)?
== a® = ¢ (15)
3 (s +D') 4 s + Dt

where D' represents either D or Dy and K{ =K n Yz/L

If equation (12) is now solved for £, considering V fixed, and

substituted into equation (15) we have

(1e)
F K (s - D) D1? v
p— — C
P (s + D) s (2s + e)
which may be written in the form
F K{ (s/D' - 1) i)
P /D - CD'* a7
P (S/D‘ + 1) s/D' (2 s/D' + e/D')
It is noted that if we held e/D' constant as D! is varied then

from the previously developed relation for maximum force per watt per

unit volume it is seen that s/D' will also be a constant. This results

in effectively varying s if F/P for a given volume is to be a maximum.
Figure 4 is a qualitative graph of equation 17. The graph shows

that the force per watt for a given volume has no relative extremums

as D' (or s) is varied. This graph indicates the most effective design

configuration with regard to magnetic force on the armature will be
obtained from the smaller diameter coils, which for a fixed volume
implies long coils.

8 -1II
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The value of F/P goes negative in Figure 4 which is not physically
possible because C is held constant as D' is varied. As D! becomes
large £ must become negative to maintain a constant volume which results
in a negative F/P. This relation is also incorrect for very small D',

however, it gives an indication of the behavior of F/P within physical
b4

limit Se

Kt (s/D' - 1)

}(/;;/" s/D' (s/D' + 1)(2 s/D' + e/D')

v

s/D' (25/D' + e/D'S

) N\

Figure 4

The following is a comparison of the square and circular coils
on the basis of the efficiency with which the input power is used to
develop magnetic holding force. The comparison is made for both equal
volumes and equal weights.

It should be noted that the previous development of the relation
between s and D', which results in the maximum force per watt per unit
volume, is independent of whether square or circular coils are consid-

ereds Therefore, when square and circular coils are designed for

9-11
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maximum force per watt per unit volume, such that they occupy the
same volume and shape (i.e. such that they have the same s, £ and e)
then D = Dy,

If we now divide equation (9) by equation (10) under the above

design we have

F/P (circular)

@T(mmme) v

| &

= 1,273 (18)

For comparison on the basis of weight it is assumed that the
square and circular coil configuration have the same values of s and
D, with £ the factor which equalizes the weight. The comparison is
equally satisfactory and simplified if we consider only one coil for

each case instead of the dual coil arrangement.

L, = length of circular coil
Ltg = length of square coil
d, = density of winding (wire, insulation, air)
d¢ = density of core
W, = welight of circular coil
Wg = weight of square coil
ms? nDz-] D2
W, = Lo N - N d, + 2 ., dC
v n
= 2, - (s® d, + (d, - dw) D?) = Ec'—Tlez
b L4 |
Ws = &g (s® -D?) d_+ £ D® d,

= 4, (s® a; + (d, - dy) D?) = 44 K?

10 - II
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For Wy = Wy

1
We L, — Le 4
—_—= ] = __C__& O == = =
W Ls 2s m

Now dividing equation (9) by equation (10) again considering £

variable

F/P (circular) N
= — = (yn? = 162 (19)
F/P (square) a7

[¢]

In conclusion we see that, for coils of which the envelops occupy
the same rectangular prism volume, the circular coils will develop about
1,27 times more magnetic force per watt input than the square coils, as
seen from equation (18). If square and circular coils have the same
value for s with equal weights the circular coils will develop ap-
proximately 1.62 times more force per watt input than the square coils,

as seen from equation (19).

11 - 11
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SECTION II

A STUDY OF POLE FACE CONFIGURATIONS

This section 1s concerned with the comparison of the magnetic force developed
for four different pole face configurations. The following is not a completely
rigorous develoﬁment because of the restrictions imposed on the models being
studied. It is intended, however, to give an indication of the general influence
of these configurations on the contactor's performance. Any quantitative ap-
plication of the results of this development would, of course, depend upon the
agreement between the application and its relation to the restrictions imposed
on these models,

The models being studied are considered to be in the unoperated condition
(i.e. maximum working air gap).

The assumptions, or restriction, made for the magnetic circuitry are:

1. The fringing effect is negligible,

2, The flux is perpendicular to the pole faces and enters or
leaves only at the pole faces,

3, The magnetic flux density is constant along the pole face (1 €e
no saturation of any part of the pole face)

The comparison of the four configurations is based on the following properties
being equal for all configurations:
l. Equal width of the pole face.
2, Equal thickness of the pole face.

3, Equal magnetic reluctance of the magnetic circuit not
containing the air gap.

L. Equal ampere turns applied to the total magnetic circuit,
5. Bqual travel distance.

Note that the pole face is considered to be of uniform deptn and therefore

1-1IT
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its plane projection would appear to be representative of some types of rotary
armature configurations.

The following is a generalization of the procedure used later for the develop-
ment of the force equations for the four configurations.

The force in grams from a single pole has been developen in an earlier report as,

4,03 x 107° B*A Ky gp°

F where K; is a constant of proportionality

2o A

The magnetic relations of interest are
KF= [Hdl =:/}Vﬂ dy where y is a constant
MR = K37§ = z/uA for uniform parallel magnetic flux
NOTE: For listing of parameters and symbols used see Table 1.
The five steps in the following mathematical developments are:

1. Let =Kz sinceq37is proportional to the ampere-turns being applied,
which is being held constant for this comparison

2. Determine the reluctance of the air gap, Ry, under the stated
restrictions.,

3. Obtain the total flux, @T.

¥ _ k&

Ry Ra + Re

where RPr is the total reluctance of the magnetic flux path and
Re 1s the reluctance of the path not including the air gap, a
constant for comparison,

4o Determine the force producing flux, Spe Since the flux density

along the air gap is considered constant we may write

2 - 1T




1.

3.

Le

where S is the total length of the air gap and Z is the
angle between the normal to dS and the direction of force.

5. Determine the force from the previous equation

Ky 857
F:—-—-—E—-—-
A

where A is the area of the air gap. For the comparison
purposes here the thickness will be considered one unit,
therefore.

Ky 8,°
P = —

S

Case I

Flat Pole Face

3 -1
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5. F
D D[x 2
c
U'oD
Case II
Circular Arc Pole Face
l- ?.’: K2
Af}J N
R NN
3l1in Ag \\\
B N
Ny=—
Mo \\9
As(in Ag) \ X
where B = ———— \ \ \\\
A D
) D —
M = rAg
and dyp = dr
therefore rz
A3 (in Ae)
A"3-“ ———dr
uwoher
and
rz
[’ dr 1 rz
Ap"a. = = In =
J Lo T AR BoAB ry
g
L - 1II
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In the limit
1
dpy =
node
Then
208"
Pa =
rz
In —
r

re
In —
Iy
or Qg =

1 Hods
or dﬁ; =—_— =
dha ra
in —
S
ln (rg/r,)
20"
rs 2
X=rz-ryor—=-—3sing'+ 1
pab | D
ln“&VD)sh1g'+]J
Ra =
408"
K2 Kz
3. §T = = .
fRa TR In [(2x/D) sin ¢! + 1] + a,
2uq8'
b7
Le &, =— cos Z dS
Foos
Dg! D dg
where S = , d§ = ———
sing! 2 sin ¢!
and 7 = g
1
57 ®
dp = 2 cos 8 dp
S 2 sin gt
0
5-11



Kz sin g!
3p =
1 1 !

8! [In [(2c/D)sin o' + 1]

208"
S D g'3 /ln ((ZX/D) sin g' + 1)
+ Re
200!
Case III

Wedge Shaped Péle Face

The section of the air gap labeled A is assumed to contribute a negligible

amount of force producing flux.

lQ ?l= KZ
x sin ¢!
2e R, =
a,
bo D
sin ¢!
x sin® g!
TR
|
Kz Kz Dq 1
3. @T = =
Ra + Re X sin®g!
+ R
c
Dy,
B ® :
Lo dp = cos Z dS *
S

where Z = 90° - g¢' or cos Z = sin ¢!

6 - I1



D dD
S = 3 dS =
sin ¢! sin g!
Kz sin ¢!
& = >
x sin® ¢!
TR
c
Du,
K, Q; Ky K2 sin® gt
5. F = = 2
S D {x sin®g!
+ R
c
Duo

It should be noted that the

N
discussion of the wedge shaped pole R \§$S§
face applies equally well to the wedge

shaped pole face presented here.

Case IV

Parabolic Shaped Pole Face

amount of force producing flux. D is assumed sufficiently greater than x so

that the flux lines are essentially parallel.

7-1I



1. %F'=Ke | \\%

2, y= az? Q\
ds =41 + L4aRz® dz

D/2
S/2 = [ N1 + 4g®z? dsz

}4___. D —¥
= (0/2) Va®? + 1" + (1/2a) 1n (aD ++/a?D? + 1)

X 2x

BoS no[DVa*D?® + 1 + (l/a) In (aD ++Va®Dp?® + 1)]

)
Lo §F=—z- fcodeS

slope of pole face = 2az

— s —

1
slope of normal to pole face = - ~—
2az
1 1
cos Z = sin [tan™! 1=
2az Vhazza + 1
¥
therefore bp = D which reduces to
S
DKz
dp = N
- +3%a, [DVaD? + 1 +(1/a) In (ab +4a?D® + 1)]
Ko

8 - II
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K, §° 2K K2

- - _.‘ 2
s DY (x %R Y
R

1
where Y =41 + a®D® + — 1n (aD +V1 + a?D?)

aD

It should be noted that the discussion
of the parabolic shaped pole face applies

equally well to the parabolic shaped pole

face presented here, by considering a
change of coordinates, ;iftib\

To compare the results of the force produced by the four mathematical
models considered here, several graphs are presented.

Figure 1 ~ To compare the force equations several common quantitative
relations had to be chosen. In this figure, relations which are believed to
be fairly close to the average for contacts were chosen. These are x = D/lO
(i.e. the travel distance is one-tenth the pole width) and Re = Ra'/lO. The
is considered as the flat pole face configuration.
The crossing of the 100 percent line is therefore the value at which the force
produced by a configuration is equal to that produced by a flat pole face.

Note, the second abscissa is for the parabolic shaped pole face and is for the

9 - II
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total heights of the parabola.

Figure 2 - The curves presented are the same as those in Figure 1 except
that g, = Ra'/50 and the parabolic shaped pole face is not present because of
the unfavorable results of Figure 1.

Figure 3 - The curves presented are the same as those in Figure 2 except
that e = £ Ry '

Figure 4 - The results of Figures 1, 2 and 3 show a motion of the maximum
value of force for the c¢ircular arc and wedge shaped pole face., The curves
presented here show the complete motion of these maximums as a function of k

where k is defined by

R‘C=k Ral

In conclusion it is seen that a decided advantage may be obtained from the
wedge shaped pole face if . is known and small. However, as g becomes small
the mathematical model becomes less correct and the physical problems increase.
For the circular arc pole face it is seen that the maximum force always occurs
for g below 27.5 degrees, although, the gain for the maximum is only a few
percent improvement over that of a flat pole face. One of the most notable
aspects of the curves for the circular arc pole face is the considerable loss
in force as g becomes large, i.e. as the pole face approaches a semicylindrical
configuration,

No attempt to experimentally justify the preceding results has been made

at this time.
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Table 1

Area of pole face

Specifies the shape of the parabolic pole face y = az?

Width of pole face

Used throughout preceding pages to indicate incremental segments
Magnetomotive force

Component of flux in the direction of force

Total flux

Height of parabolic pole face configuration

Constant of proportionality between force and §2/A where F = K1§2/A
Constant magnetic force applied

Permeance of air gap,'fg = l/ga

Reluctance of air gap

Reluctance of the air gap for the particular case of the flat pole face
Reluctance of flux path not including the air gap

Total length of air gap. Since the air gap is considered one unit thick
S=A

length of air gap
1+a®® + (1/aD) 1n (aD + V1 + a?D?)
Fixed configuration angle for circular arc and wedge shaped pole faces,

(see the appropriate figures on previous pages). Note, that on the
graphs the pole face width, D, is considered the constant.

11 - II
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SECTION IV

FURTHER DISCUSSION OF POLE FACE CONFIGURATIONS

From a test report by Sandia Corporation measurements were made on
cylindrical solenoids with cone shaped pole faces. These measurements were
force displacement curves for several cone angles and for several power
inputs.

If an equation is derived with the same assumption and procedure as
those in the Tenth Interim Report then the resulting equation for the cone

shaped pole face is

-

LK K5 sin3 8

F= 2 (1)
n D? | 4x sin®® B
—_— + R
m Po D?
where: K; = constant of proportionality between

force and $2/A as F = K1¢2/A

Kz = constant mmf applied

D = diameter of pole core

g = ;/2 the apex angle of the pole face
x = length cf air gap

R, = reluctance of flux path not including the
air gap.
Lo = permeability of air

Figures 1 and 2 are copied from the test report of Sandia,Cérporation
for 3/8 inch diameter cores. It is seen that the values of Figure 1 are
very close to one and one half times as large as those in Figure < which
is the ratio of the different powers applied., This indicates that in this

range of measurements the material is not saturating

1-1Iv




Equation 1 may be written as

C sin®®
F= (2)
[(Ry/Rc) sin8 + 117
2
LK K2 hx
where ¢ = ——— and Ry =
m D3R,2 T ug D?

The intersection of the 30 degree and 45 degree curves of Figure 1 can

be used to solve Equation 2 for C and Ra/ﬂc. With these quantities a theoretical

figure equivalent to Figure 1 can be drawn from Equation 2. This is done
in Figure 3.

It is seen from Figures 1 and 3 that the experimental data has approx-
imately the same form as that presented by the equation developed from the

P T T . S L2 el o TL 2
D-L“.lk.JJ.J..LJ -I.Als GO O WLMUVLWVILO ¢ v

15 also 5een that Lhc Spacings in ohns rangs of
measurements are not predictable from the equation and therefore neither
are the cross over points.

Several empirical modifications to Equation 1 have been tried at this
time, all of which were unsuccessful in leading to the experimental results.
Close correlation between the theoretical and experimental values is not
expected since the assumptions used in developing the equations were based
in part upon the fact that the value of x was small compared to the value
of D. The experimental data was primarily in the range where x is of the
same order of magnitude as D. For values of x comparable to D, the pro-
blem involved in the theoretical development is the amount of fringing of
the magnetic flux and the manner in which the flux is distributed in the
air gap.

The main point obtained from the experimental data is that the maximums

predicted do exist and that there seems to be a larger variation than predicted.

2-1Iv




The advantage of having an equation, which will give the proper results
without neglecting fringing, would result from situations where it is desir-

able to maximize the force at a given displacement of the armature.

3 -1V
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SECTION I

RELAY DROP-OUT TIME

This section is concerned with the determination of an analytical
expression for the drop-out time of a relay to be used in the design
maps., The drop-out time is considered to be the time interval from
the instant the relay is deenergized until the contacts first make
contact with their normal deenergized positions (i.e. neglecting open-
ing bounce).

Several important assumptions were made in the following calculations.
One of these, that being the magnetic circuit is not saturated, is of
primary importance in the determination of the delay time, tqe Another
assumption is that the spring force on the armature has a constant
spring constant. This assumption is of primary importance in the de-
termination of the transit drop-out time, j. This can be justified by
assuming an effective spring constant which includes the armature
spring and contact overtravel springs.

Even with these assumptions a straight forward solution of the
transit drop-out time involves the solution of two simultaneous non-
linear differential equations. No solution in symbolic form is believed
to exist for these equations. Therefore, in the solution for the
transit drop-out time many hopefully logical approximations and as-
sumptions are made. The ultimate justification of these approximations
are results which satisfactorily approximate the actual transit drop-
out time. Rough preliminary experiments have given good results. More
extensive experimental investigations will be made, however.

The delay time, t4, is defined as the time interval from the

instant the coil is deenergized until the armature .ioves away from the

1-1I
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core. In the following calculation, tq, will be approximated by the
time interval from the instant the coil is deenergized until the net
force on the armature is in the direction to cause release, The force
on the armature will be in the direction to calise release at the in-
stant after the spring force is equal to the flux force which can be
expressed by the following equation.

4,03 x 107°B% A

Po + kx, = Eq 1
Ao

Where By is the flux density at tq which may be expressed as

g Nig Nig o
A RA o

Where ¢d is the total flux and f is the reluctance of the magnetic
circuit when the relay is actuated.

Combining Equations 1 and 2 we have

2(P, + kg )of | N2(P, + kx,)
i, = = 157.5
d 4.03 x 1073 AN%O] N Vi A

from this expression we may obtain

id Rt d'z(Po + kxo) o VP,, + kxo
- = 157.5

=" Eq 3
igg EN Vi A (o + x,) VP,

where 7| is the stability factor defined in previous reports.
After the coil is deenergized the current will decay éexponentially

with a time constant of Lc/(Rc + Ry) and at ty we will have

Note: Table I contains a listing of symbols and definitions.
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R, + Ry
ig=1i, exp | -—— |4 Eq 4
Le
L, may be expressed in terms of the relay parameters in the
following manner,

L, = Np/I but ¢ =NI/R or /I = N/R

therefore Lc = NZ/R = uOANa/q

£

re]
\n

Substituting Equation 5 into Equation 4 we have

ig a(R, + R;)
— = exp | - —c 4 tq Eq 6
iss poANZ

Equations 3 and 6 may be solved to ty giving

quNz o (o+ xO) VP,

l“d - Toan _
o(R, + Rq) MNP, + kx,

1=
:2
2

The transit armature travel drop-out time will be broken down into
two separate problems. The first of these will be tordetermine a drop-
out time (j;) for the case of a greater decrease in flux force than
spring force for a constant current of ij. The second problem will be
the determination of a drop-out time (jz) for the case of comparatively
small change in flux force to the change in spring force for a con-
stant current at ijy. These two problems will be shown to lead to the
same approximate results with conditional inequalities to be satisfied.

Before proceeding with an approximate solution to the first
problem, i.e. determination of j;, the dynamic equation of force will
be considered in general.

Fq (drop-out force) = Fg (spring force) - Fy (flux force) Eq 8

Let x be taken to be zero when the armature is closed and increases

positively as the armature opens and let t be zero when i = ij.

3-1
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Since the flux force Ff = oC because B = ¢/A =— =
AT (o + x)2 AR

ol

and since Fg = Fg at the instant t = 0 we may write
(¢ + x)

aZFS(O) i®
Fp = . The spring force Fg is linearly related to the
idz (d + X)z

displacement and using the standard symbols from earier interim

reports may be written as Fg = P, + kx, - kx. From these consider-

ations we may write Equation 8 as

o® i%

Fg =P, + kxt, - kx = (P, + kox,) - — Eq 9
(a+X) id

If we assume that the overall variation in magnitude of i(t)
is small (which is generally true for conditions imposed by j;) we
may use i(t) to give the rate of change with respect to time of the

force on the armature at t =0 (i.e. x = 0 and dy/dy = 0).

. . . (R ¢+ Ryt di i4(Re + Rg)
Since i(t) = igq exp | - and — (0) = =« ————
L, dt Le
dF 2(R. + Ry)
d d
- = (P, + kx,) ————— Eq 10
dt L =0 Le

Another condition used in the solution for j; is the final force

Fa(t) =P, - (P, + kx,) T Eq 11

(o + x4)°

ct
o

d

| x = x,

Since Fd =M dzx/dt2 it is seen that Equation 9 is a nonlinear
differential equation with respect to time even if i is considered

constant for an approximation.
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A solution for j; will be obtained by assuming a solution for Fg
in equation 9 from which j; can be obtained from Fq =M d?x/dt?. The
following paragraphs along with Figures 1 through 3 will present the
reasoning for selection of the Fq used in the subsequent development.

Figure 1 is an approximate three-dimensional representation of Fg
from Equation 2. Plotted in the F - t plane is the variation of force
due to the change in current if the armature did not move, however,
since this force is small only the initial slope and a short interval
of time later is of interest (i.e. to about point a). Shortly after
the armature begins to move F4 will become the motivating force and
will approach a value of approximately Fg(x,) = Fp(x,).

Figure 2 (a) is a curve similiar to Figure 1 except that it is

Lam +lhhna AanandAI+dAan AF +ha Plivwv FfAaman )
A Py

Whadn
AL VW U MAMAAA VAL Wi Widw et vavTy -~

.
-+
—

03

i
pared to the force of the spring, Fg, at x = x,. Figure 2 (b) is
actually a guess of the force on the armature, Fd’ as a function of
time resulting from the reasoning presented in the previous paragraph.
A function of time which has this shape and can satisfy the initial
slope initial value and final value could be

Fa(t) =4 (1 - Bt._)‘k - A Eq 12
where A and B are constants to satisfy the known condition,

Figure 3(a) is another curve similiar to Figure 1 except that it
is for the condition of Ff not being negligible as compared to Fg at
X = X, Figure 3 (b) is another guess of the shape of Fq proceeding
as above. A simple modification to Equation 12 which would give a
curve of this type would be,

Fa(t) =& (2 + B)¥ - & - Fo(30)8/5, Bq 13

The constants A and B can be solved for by applying Equations 10
and 11
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dFd(‘b) Z(Rc + Rd)
= % AB - Fp(51)/ir = (Po + kx,) ———— Eq 1k
de t=0 Le
% o
Fq(t)|= A(L + Bj1)® = & = Fg(§1) = Po ~ (P + kx,) a
t =3 (o + o)
o
however, since Fp(Jj;) = (P, + kx,)
(0 + x,)°
AL + Bj1)%-A=P° Eq 15

The acceleration of the armature is given by acc. = Fd(t)/M

and using the results of Equation 13 we have

Fr(jy)t

A %
acc, = = [(l + Bt)® -1 ] -
M 51

Integrating and satisfying the initial condition that velocity

at t = 0 is zero gives

Velocity = _— -t - —

A [20 + Bt)?/? 2 ‘ Fo(d) t°
g 3B 38| 25N

[T

Integrating again and satisfying the initial condition that
displacement at © = 0 is zero gives

A [a@+m)/* 2 2 Fe(jq) t3

x = = | ——— - ———— | ——— Eq 16

M 158 2 3B 15B° 6j1M
For |Bt| < 32 the quantity (1 + Bt)5/2 may be approximated by

the polynominal

15 15
(1+Bt)5/2=:1+5/2]3t+—-— B2t2 + — B33 Eq 17
8 48
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This is best shown in Figure 5 when both sides of Equation 17 are
plotted and the error caused by use of Equation 17 is seen to be small

for Bt < 32.

If Equation 17 is now substituted into Equation 16 and evaluated

for ¢t = J; we have

Xo = -

Y
AB  Fo(dr)
2 5 Eq 18
12M 63

From Equation 14 we may substitute for AB in Equation 18 obtaining

2(Py + kx,) (R + Ry)
X, = 3

6L,

[ 3ML, x, 3
v =

or

) : Eq 19
|[(Po + kxo)(Rc + Hg) J
However, a condition has been imposed on Equation 19 when the
approximation in Equation 17 was used., Equations 14 and 15 may be
sclved for A when t = j; which results in
Pob P

A= where § =
2[2(Re + Rd)jl/hc + Jy V° = 8] P, + kx,

however, since in general V% << 2(R, + Rq)/L, we have

P.5
A=
2[2(R, +-Rd)j1/Lc - 6]

Substituting this back into Equation 15 and considering the same

inequality to hold as above

8(Rg + Ry)J1[2(Re + R4)Js /L, - 8]

6L,

Bj1' 2

7-1
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Therefore, the condition imposed on Equation 19 is good when the

results satisfy Equation <20

(Re + Ry) J1 [2(Re + Ky) J1/Le - 8]

2
6L,

< 4 Eq 20

If we now let 7" equal the time constant of the discharge circuit

Lc/(Rc + Ry) we have

Ja J1
- 2 — 2 e . 2
4 5“;“[ = s]gbs
) (31 . 5 J1 467 < 0
il _ el <
T .l
Ja
—,T,Sl.686 Eq 21

Where Equation 21 is not the only inequality but the only one of
physical interest.

The determination of the transit drop-out time, jz, will now be
considered. This will be the case when there is a comparitively small
change in flux force to the change in spring force for a constant current
during the drop-out period. This condition is illustrated in Figure 4.
For a force in the direction to release the armature to exist, the cur-
rent must fall coninuously to produce a force less than that of the
spring. This condition will be approximated by assuming the force as a
function of time is due entirely to the exponential decrease in current.
A first order approximation of this force would be,

2(Re + R4)

Fy(t) £ (Po + k) |1 - exp |- ——— Eq 22
LC
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With this approximation the initial slope will be the same as that as-

sumed in Part 2, However, the final value would be larger than actually

expected for the assumptions made because the spring force will decrease.
The acceleration of the armature is given by acc. = Fd(t)/M and

using the results of Equation 22 we have

~

(Po + kx,)
acc, = ————— |1 - exp ( -t/ )J
M
. Le
where T = ————
2(R, + Ry)

Integrating and satisfying the initial condition that velocity, v,

at t = 0 is zero.

(Po + KX,)
vV = —— t+7’exp(—t/7’)-7
M
Integrating again and satisfying the initial condition that dis-

placement at t = 0 is zero

(Po + kx,) 2
X = ———

-7% exp ( - t/7) -7/t+"7/‘21 Eq 23

For t/,< 1.2 the quantity exp ( - t/’/’) may be approximated by the
polynominal
exp ( - t/7)= [1 -t/ i;(t/r,az - 2/15 (1-,/7)3] Eq 24
This is beét shown in Figure 6 where both sides of Equation 24 are

ploted and the error caused by use of Equation 24 is seen to be small

for t/7’< 1.2,
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Substituting Equation 24 into 23 the results reduce to

4L(P, + kxo)(R, + R,)
x = 97 43 Eq 25
15 M L,

Solving Equation 25 for t = jz (i.e. x = x,) we have

%
3.75 Mx, L,
Ja = Eq 26
(P, + kx,)(R; + Ry)

Because the resulting expressions for j; and jz are almost identical
in value and the inequalities to be solved are closely related, these
two equations are approximated by one dquation,
%
) [ 3.5 ML X, ]
J3 = ———— —_—
| (Po + 1oc,) (R + Ra) |

The form of j3 is not complete for the transit drop-out time
because of the inequalities required to be fullfilled and the equations
indicate that as the discharge resistance increases toward an open
circuit the transit drop-out time approaches zero., It must however,
approach some finite time determined by the spring force. This limit-~
ing value in drop-out time, j,, may be approximated by assuming the
spring force to be constant.

acceleration = 1M (P, + kx,)
Integrating twice and satisfying the iniﬂial conditions of v =0

andx=0at t =0

1
Xy = — (Po + kxo) leo—
M
M x, 3
or jz, = Eq _28
Py, + kx,
10 -1
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Combining Equation 27 and 28 into a complete transit drop-out
time equation is the next step., Investigation of the inequalities shows
that when they are satisfied jj is somewhat larger than Juo Experimental
evidence seems to indicate, in this region of transition between equations,
Ja and j4 can be combined as the cube root of the sum of the cubes.
Thi

11s result alsoc satisfieg the boundary conditions,

- iiS o

3/2

3.5 M L, x, 2 Mx, /2 \%

J= + | = Eq 29
(P, + kx,)(Re + Ry) P, + kx,

Further experiments justifying the above results will be made and
submitted in the next report along with any required changes.,

Throughout the above development of j the M K S system of units
has heen assumed for convenience in emuation manimmiations. Now con—

verting Equation 29 to the conventional units used in these reports,

where mass and force are in grams and distance is in inches, we have

L / .00906 M x, L, | [ .o0518 Mx, 1 3/2 \g
J_\(“+“W%+%”+lh+mo J )

=
e
WA
(@)

11 -1I
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Table I

effective area of working air gap

nonforce producing air equivalent of the magnetic circuit
flux density in air gap at drop-out current ig

Po/( P, + kx_)

af(or + X,)

open circuit supply voltage

total flux in air gap at drop-out current iy

the current for which the force due to the flux is equal that
of the spring with armature in energized position,

steady state coil current when energized

armature transit time for drop-out cycle

effective spring constant of spring system

inductance of coil when armature is in the energized position
effective mass of armature system

permeability of free space

coil turns

design stability factor

effective restoring force on the armature at pick-up

coil resistance

discharge resistance external to coil

total resistance presented to open circuit power supply voltage
reluctance of magnetic circuit

time interval from instant supply is removed until force on
the armature changes direction

length of armature working air gap

12 -1
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Figure 1

(b)

(a)

Figure 2
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SECTION I

DESIGN MODIFICATION OF THE PARALLEL COIL 300 AMPERE CONTACTCR

The 300 ampere contactor under consideration utilizes a parallel two coil
arrangement that uses both colls for operate and one coil for hold. One pos-
sible weakness of this arrangement is the possible malfunctioning of the con-
trol switch used to switch from the operate to the hold coil arrangement. Fail-
ure to open during the operate cycle would result in using about twice the
anticipated coil power., Failure to reclose during release would be more
drastic since the contactor would not operate on one coil at rated voltage.

The design modification presented here is to consider the result of
changing the core diameter to maximize the pull per watt of the core with the
hope that a one coil no control switch unit can be made. It is desired to
maintain the outside coil dimensions the same and the core dimensions, other
than its diameter, also the same. From the mathematical model being used only
9 parameters out of 19 parameters can be fixed or held constant. The other
remaining 10 parameters will be subject to change.

The parameters held fixed were:

colil voltage K

coil length ¢

outside coil diameter s

working air gap and magnetic circuit x, + o
stability factor M

coil bobbin insulation thickness u
effective back tension P,

mass of moving system M

The only parameter that was desired to be changed was the ratio of the
core diameter to the outside core diameter. This ratio is symbolized by g.
The parameters which are subject to change because of changing B are:

diameter of bare wire §
plunger transit time k

¢oil turns N
coil power P
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coil resistance R,
plunger pick-up time tp
total seating time tg
cross sectional area of working air gap A
core diameter d

ratio of coil bobbin insulation thickness

to outside coil diameter o

The relationships used in this mathematical model are as follows:

Ro(x, + or)'\lzf’:

f, n= 15745 v

EN vuohA

_ N® oA 1

f2 tp =108 1n

(xo + o')Rc 1L -

‘ L. 361 xe% Ry *
3 k = (8,66 x 1073) |—m
E*n(1 - m)

= 2

(0,865 x 107©)s4(1 -~ 8 -~ 0)(1 + B + o)gp

L)
n

R, m
0,637 sg (1L - R - n)gn
ff, N =
62
f7. oA = o (4° ~ %) m/h (4o =3.19)

d,; = diameter of hole in core
fg ts = tp + k
fq B = d/S

u/s

I

10 o
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In order to check to see if the selected (fixed and those being changed)
parameters are non-conflicting the map shown in Figure 1 is used,. This map
is a listing of the different parameters as rows and the relationships as
colums. The selected parameters are marked with a circle in the first column
and the determined parameters by a(::)or[:] . The‘él is used for those para-
meters involved in the solution of a set of simultaneous equations. The set
of selected parameters are compatable in this case since they resulted in all
the remaining parameters being determined through the use of the relatibnships.
The order of solution of the relationships is shown by the alphabetical list-
ing at the bottom of the map. ARelationships fi, f5 and fg must be solved
simultaneously for parameters &, N and Rc. The solution is outlined as follows:
Relation f7 can be written as:
N =X R, (1)
relation fg as
N=1Y/8% (2)
and relation f5 as
R, =Z/8" (3)

Solving equations 2 and 3 for &% and setting them equal gives

N

=]

N® R,
or
WN®
Ry = e (4)
from equation 1
N
R, = = (4a)
X
therefore
WNE N
—= (5)
Y* X
3-1
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Since W, ¥ and X are known, then the solution of equation 5 for N

gives: N = YZ/XW where:

157.5(x, + aNeP,

X = (6)
EmviL A

Y = 0,637 s£ (1 -8B - o)gy (1)

W= 0865 x 1078 5% (1 -8 ~g)(1+8+ o), (8)

g, and g, are winding space-factors.
Going back to the solution order on the map shows that relationship
f,0 is solved for g, f9 for d, f; for p A, £, f5 and f¢ simultaneously

for Rc, N and 8. fz for t f3 for k, f4, for P and fg for tg.

pD
Numerical values for the fixed parameters were obtained from known
operating conditions and the drawings which were availableo HuWevel, “wo
parameters (x, + o) and P, were not known. Therefore, a transient test was
performed on the engineering sample of the hermetically sealed contactor to
obtain data to calculate_(xo + @) and P,. Since the mathematical model is
for a single coil device, an approximation had to be made ToO make thils Lwo
parallel coil unit fit the model. The assunption made was that this two
coil device was equivalent to a one coil unit having the number of turns
equal to the average of the two coils and the total coil resistance measured
at the time of the test., Since only the pick-up time was involved then
the coil resistance is that of the two coils in parallel,

kelationship fz was used to compute x, + o since the parameters t_, N,

p’
oA, Ry and 1 were either measured directly or calculated from drawings. A com-
bination of f; and fz with (x, + @) eliminated from them was used to compute
P,. This combined equation was

157.5 x 1078 N Vp.A V2P, 1

y 1-m




The test data (obtained from Figure 7, Section IV, 12th Interim Report)
culations used for determining P, and (x, + o) Were:
tp = 13,5 ms
n = 0.7
Rc = 3/ ohms
N = 1388

oA = 0,922

The calculated value of x, + & is 53, 6 x 1073 inches and P, is 4750 grams.
With these values then the numerical values of the selected parameters are
as follows:

E = 28 volts

yA = (0,725 inches

8 1.93 inches

PH

Xo + & = 54, x 1073 inches

u = 0,126 inches

P, = L4750 grams

M = assumed constant

B = 0,59 value to maximize

pull per watt

The numerical value of the 10 remaining parameters can now be ra.Lculat ed st arting
with relationship f19. From relationship f;, the value of ¢ is 0.065. Next the
core diameter d is calculated from fg as d = 1.14 inches. The value of p,A
calculated from f, is 3.0l lines per amp~turn inch, From equation 5 combined
with 6, 7 and 8 the value of N is 1355 turns. By using equation La the value
of R is 45.2 ohms. From equation 3 the value of & is 1.183 x 10 “2 inches

which is approximately #29 wire., Now using relationship fz the value of tp

i
b -
i
i
i
1
!
i
i
| 4 ) = o
i
i
i
i
!
i
I
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is 19 milliseconds. Relationship f3 results in k equal to approximately 8
milliseconds. The value of coil power P from f, is 17.4 watts. The total
seating time ts from fg is 27 milliseconds. These values are tabulated below
for convenience.

o = 0.0065

d = l,lu inches

moA = 3.0l lines per amp~turn inch

N = 1355 turns

R. = 45.2 ohms

§ = 1,183 x 10°% inches
(approx. #29 wire)

tp = 19 ms

k = 8 ns

P = 17.L watts

ts = 27ms

The steady state power required of the modified unit is essentially the
same value as the hold power on the original unit but the modified unit has
only one coil and consequently no coil switching contact arrangement. The
pick-up time of the modified unit is longer than the original by about 50%
but this is caused by the fact that the operate current is less in the modified
unit. The outside dimensions and configuration of the modified unit are the
same as in the original., The primary change is that the movable core diameter
is increased from 0.684" to 1.140" with the associated change in the inside

coil diameter and stationary core diameter.




®
B
©
fio
A

® CE 2| |
® O < |z
o | @@ o
® S @ ® @ ® < S ]
@ S D@ @ © = 8| -5
© @ @ <o g "
caE o | |8 || @ 2 2
® e | © B 3 o
G® e ©® 56) | |
w|e|wlxw|=|z|a || w|S 2 Flalv) b s

<JooOooKgo<onuoyoluo

't"""-l""l'l."lA




TABLE OF CONTENTS

Part E
VIBRATION
Section
SUMMARY Section Report
Applications of Vibration Theory in
Relay Design~ = = = = = = = = = = = = 2 0 4 0 0« 0 -0 = - - v Sth
Vibration Testing of a 75 Ampere Rotary
Type Contactor (part 1)- = = = = = = = « = - = - - - - - - II 12th
Vibration Testing of a 75 Ampere Rotary
Type Contactor (part 2)= = = = = = = = = = - = = - = = = 11 13th

Tab Color Code

Orange 9th Interim 1 July - 30 Sept., 1963
Rose 10th Interim 1 Oct. - 30 Nov., 1963
Green 11th Interim 1 Dec., 1963 - 31 Jan., 1964
Blue 12th Interim 1 Feb. - 31 March, 1964

Yellow 13th Interim 1 April - 31 May, 1964




SUMMARY
Part E

Vibration

The objective pursued in this part is to study mathematical models of
certain types of spring mass systems, first assuming linear springs and
then eventually non-linear springs, in order to better understand the dynamics
of the contact system. In order to obtain general solutions of useable
form, limitations are put on the number of degrees of freedom in the mathe-
matical model. The dynamics of the actual device may be active in all 6
degrees of freedom with certain ones being the most critical. The problem
then is to decide which mathematical model can be used with a particular
device in order to obtain the most accurate informationm.

The first section of this part presents the development of a mathe-
matical model for a two mass two spring linear system and experimental
results of a particular power relay which could be represented by this
model.

The last two sections of this part present a thorough analysis of the
resonant conditions existing in the contactor and container of the 75 ampere
rotary type relay. The cantilevel way the unit is mounted in the container
and the manner in which the contact system is mounted on the coils results
in a multimass-spring system with several degrees of freedom. Several
different mounting arrangements of the unit inside the container have
been evaluated. Improvements have been made with these different ar-
rangements but the shift in the resonant condition is not sufficient yet
to decrease the G level experienced by the contacts by the required
amount. However, the contact pressure and mass is such that the contacts
will withstand 30 or more G's. If the relay and container resonant frequency
can be shifted far enough beyond 2000cps then a satisfactory umit can be

developed.
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SECTION IV

APPLICATIONS OF VIBRATIONS THEORY IN RELAY DESIGN

Introduction

This study was conducted to primarily investigate and attempt to
determine the dynamic characteristics of the contact system of a
particular type of electromagnetic relay. The development of sophis-
ticated guided missile systems has created applications for this par-
ticular make of relay in which its structure would be, in certain cases,
subjected to external vibration in various forms.

As the mounting case of the relay is subjected to different types
of vibration, the moving components of its contact system may randomly
separate from the closed position for small periods of time or they
may chatter or bounce indefinitely after inital separation. The cause
of initial separation of the closed contacts is the fundamental con-

sideration of this study. Any subsequent motion is beyond the scope
of this development.
Use is made of the fundamental theory of contact separation developed
by the author and Dr. R. L. Lowery, and Mr. B, C. Riddle during the
early months of this year,’ to explain, theoretically, the motion of
the contact system components due to a certain type of external
vibration input. Mathematical models tailored to the contact system

of the particular relay being considered, are discussed in order to

clarify the application of the contact separation theory.

‘Lowery, Dr. R. L., Riddle, B. C. and Stone, G. C., Vibration Control

in Relay Design, Part I, Interim Report No. 7 and Part II, Interim

Report No. 8, NASA, Contract: NAS 8-2552,

1-1v



Certain tests in which the components of the relay's contact system
were subjected to various types of simulated excitation, were conducted
and the results are discussed and compared to the tineoretical explanation.

It is well known that the relay designer is being incumbered with
a multitude of unsolved problems in the area of contact system com-
ponent separation due to external vibration. At present, his demand
for new knowledge concerning these problems cannot be satisfied. It is
the ultimate purpose of this study to gain further information about

electromagnetic relay contact system dynamics which may be of value to

the relay designer.

Application of Theory

The particular relay considered is shown in Figure 11, page 19. It
features three separate contact systems actuated by a single solenoid.
These contact systems will be referred to as upper, middle and lower
according to the mounting position of each in Figure 11. The middle
and lower contact systems are virtually the same. The upper system
differs from the other two in that the structure of the permanent con-
tact does not contain the vertical stiffener found on the other two but
merely has a small, square shaped piece acting as a stiffener.

External excitation may come from many directions owing to the
particular mounting position of the relay and the direction of external
vibration. Only external excitation applied in the vertical direction
parallel to the longitudinal axis of the solenoid plunger rod will be
considered. (See Figure 11).

Mathematical models with controlled parameters are now discussed.,

For each model, mathematical expressions predicting contact separation

criteria are developed.

2 - IV
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One other point must be made clear, Only a sinusoidal
type input is considergd throughout this study.
Stationary Contact Rigid, Translating Contact Flexible

Each contact system of Figure 1l may be considered separately.,

Let it be represented by Figure 1, page3 .

To begin the mathematical development s -a/8imple case is. investigated.
The stationary contact is aasumed perfectly rigid (k = ®), Overtravel
must be provided entirely by the flexibility of the translating contact.

Let the translat:mg contact be represented by a mass, m, connected to

‘ a weightless linear coil spring with constant, k, as shown in Figure 1.

RIGID STATIONARY
3 CONTACT

= du

K

| n 1R(t) '
——a.J -8 } sss,SINwt — -+{ +}

" Figure 1 , Figure 2
Schematic diagram showing stationary Free body diagram of the
contact rigid, translating contact system shown in Figure 1.
flaxible,

The linear (force deflection curve is representéd by a straight line)
spring provides the means for plunger overtravel through the deflection
6, as shown in Figure 1.

Allowihg only linear mt;tion along a single axis (single degree
of freedom), neglecting damping in the system, and assqming sin-

usoidal motion of the base

3-1V




" CE@N M Ip SN ED N AN G SE SR W TR aN G @S

Let: s = absolute displacement of the base
u = absolute displacenment of the wovable contact

k = spring constant of the spring representing the
flexibility of the translating contact

m = mass of the translating contact

6 = deflection of the translating contact spring from
its unloaded length

Fpl = ké = translating contact spring preload

R(t) = time dependent reaction force between the mass and
the base

From Figure 2, the differential equation of, motion is

mi - F +R(t) =0 (1)
For R(t) > O the contacts have not separated and § = %

Then R(t) = Fpy - 8 (2)

For contact separation R(t) = 0 and

Fpi = ms (3)
or
F
pl
w
o0
.8
Where G, = — = number of g's acceleration, and w = ng
g :

where g = 386 in/sec?




equation (4) indicates that contact breakage will occur only when the
base is accelerating upward. Equation (4) is an expression of Newton's
second law. Notice that equation (4) is independent of excitation
frequency.

As an example using equation (4), let w = 0,148 1lb. and F 1 = 0.92 1b.,

p
equation (4) yields: Gy = 6.21 g's,

Both Contacts Flexible

Both the stationary and translating contacts are considered flexible.
The translating contact and its flexibility are represented as shown in
Figure 1. The statidhary contact and its flexibility can now be re-
placed by a prismatical cantilever beam. A close inspection must be
made of the dynamic characteristics of this beam. A prismatical
cantilever beam represents a continuous elastic body and hence possesses
infinite number of degrees of freedom (see Figure 3). However, by
assuming the form of the deflection curve to be known, Lord Rayleigh (2)?
has shown that the system can be treated 2s one with a single degree of
freedom as long as only properties involved in the fundamental mode of
vibration of the beam are sought,

According to ratio of length to thickness, it will be assumed that
the cantilever beam representing the stationary contact must be quite
stiff with respect to its mass and length. This assumed character—
istic allows the beam to be replaced by a single degree of freedom

system,

'Numbers in parentheses refer to sources listed in the selected

bilography.

5 - IV
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Figure 3
Uniform Cantilever Beam
According to Rayleigh's meéthod, it is assuned that the amplitude
of the beam at any point x is given with sufficient accuracy Dy the
statical deflection curve of a weightless cantilever beam with a con-

centrated load, p, at the.end. Writing this equation in the form

N 2 3
fx b
Z=%2,]2(-) - |- : (5)
L L
pL3
Where 24 = —— 18 the amplitude of the free end, the stiffness
3EI
at the free end becomes
3EI , _ é
keq = —I-.; (6)

The kinetic energy can next be determined by integrating the product

of mass and the square of the velocity over the length of the beam

W L , w fuz) 2 pk )(x\)a (Q)’ 2
T = — (u)Z) dZ = e | ——— - - -
2 [- 2g \ 2 [ L L
v Y R Jvo L\ / NS J

8
33 wL
= " w? 22 (7)
g ‘ .




Where w = weight of the continuous beam per unit'length, lb/ft.
Equation (7) indicates that for the assumed deflection curve, the

continuous beam is equivalent in vibration characteristies to that

33
of a weightless beam with a concentrated weighf —— wl |at the end,
140
The cantilever beam can now be replaced by a weightless, linear

38T :
coil spring with equivalent constant, keq = iy’ and a lumped mass
33 :
m = — wL,
140

The two contacts and their represented flexibilities are showm in

Figure 4.
3El
L3
EERN u
lis0 i
™ | EQUILIBRIUM POSITION
OF CONTACTS AFTER
PLUNGER SEATS
K
ysu-s
y 83 8,SIN wt
BASE
I
Figure 4

Schematic diagram showing both contacts

and their represented flexibilities

7-1Iv




G SO@AD O N0 SN UGN Sm GG N B0 M WS NS M G W@ N

From Figure 6, it can be seen that plunger 'overtra.vel is provided

through &, which is now the sum of the deflections of the trans-

'la.ting contact spring and the equivalent stationary contact spring..

Before motion of the system in Figure 4 can be studied, the
force-deflection curve of the spring represent ng the flexibility of

each contact must be examined (see Figures 5, 6, 7 and 8).

UNLOADED SPRING

™ » "POSITION
e ™ , u A.
) A ¥ EQUILIBRIUM POSITION
Pk |  OF CONTACTS AFTER
} ) ~ PLUNGER SEATS
S DEFLECTION{*H
{

i = sOSIN wt

Figure 5

Schematic diagram of translating contact system.
\ FORCE

__X EQUILIBRIUM POSITION
. OF CONTACTS AFTER
PLUNGER SEATS

Ka,

GH

> DEFLECTION

NEW FORCE-DEFLECTION
CURVE FOR PRELOAD, FeL

Figure 6

Force-deflection curves for translating contact spring.

8 - IV
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BASE
p—
32&%;— u
L } EQUILIBRIUM POSITION
| OF CONTACTS AFTER
33 WL A PLUNGER SEATS. :
140 _9 2 UNLOADED_SPRING

POSITION

Figure 7

Schematic diagram of stationary contact system.

§ FORCE

NEW FORCE-DEFLECTION
CURVE FOR PRELOAD, Fp_

» DEFLECTION

EQUILIBRIUM POSITION

OF CONTACTS AFTER
PLUNGER SEATS

£ o 3ElAZ
PL L3

Figure 8
Force~deflection curves for equivalent stationary

contact spring.




dach contact spring is deflected an amount, A, which has the effect
of producing a new force deflection curve for each spring, parallel
to the original one, bu£ displaced along the vertical axis of the
force-deflection plot‘@ée Figures 6 and 8).

Again, only one degree of freedom is allowed and damping in the
system is neglected.

Assuming sinusoidal excitation of the base,

Let: s = absolute displacement of the base
u = absolute displacement of the contacts before
separation
Yy =Uu -5
= spring constant of the translating contact spring
3E1
— = spring constant of the equivalent spring representing
L3 the stationary contact
m = the mass of the translating contact

33 \WiL
—|— ] = the mass of the stationary contact

L
1

deflection of the translating contact spring
from its unloaded length

Ay = deflection of the translating contact spring
representing the stationary contact from its
unloaded length

3EIAz
Fpl = ki, = ) = contact spring preload force
L
) = A1 + Az
Prior to separation, the contacts may be considered coupled and
: 33\/wL
could be replaced by one total riss, mg = m +(——lf——). From Figures 9
1408g '

10 - IV




and 10, the motion equation for the entire system is:

or

—

. 381 ,
mu=~ |— + k y (8)
L3

mb.‘;' + kty =0 (9)

substituting ¥ = & - & into equation (8)

But:

my + ky = - m ¥ | (10)

Therefore:

mhir' +ky= myofs, sinut (11)

Figure 9
Free body diagram of system irmediately before separation

above the contact equilibrium position.
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—EQUILIBRIUM POSITION__
OF CONTACTS AFTER |
PLUNGER SEATS

F =.§EIA2 ﬂv

P 37

Iy,
m
Fo=kd, ky
Figure 10

Free body diagram of complete system immediately before
separation below the contact equilibrium position.
Since the damping in the system has been assumed negligible, the steady

state solution of equation (11) will have the form

y =Y sinwt
¥y = Yo cosuwt (12)
¥ = -Yo? sinut

substituting for y and ¥ in equation (11).
- m oY + kY = myuls, (13)

solving for Y:

I=— : (14)

12 - 1V
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where

= natural frequency of the
system

Separation may occur either above or below the armature séating
equilibrium position (see Figures 9 and 10),

Equation (12) shows that for y > 0, ¥ < 0 and for y < 0, ¥ > O.-
Then if separation is assumed to'bccur above the equilibrium position,
from Figure 9, at the instant that separation occurs, the acceleration

: 33 \wL
of the equivalent mass,(-—é)?i), rust be greater than the acceleration
L0Ag

of mass, m. Dividing the summation of forces on each contact by its

mass _ BEI
- rpl -
y
L3

‘ > Fpl - ky (15)

(33 wL) m
W

Fpr < (y) (6)

If separation is assu

t
g&
ot
Q
Q
[v]
S

from Figure 10, then, again, the acceleration of the equivalent mass

13 -1V
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must be greater than that of mass, m, at the instant that separation

occurs.

3EI
- Fq +—
pl I
F pl + ky 13
m (33 YL )
14,0\ g
or

()

(17)

(18)

The maximum value of y in equations (16) and (18) will most likely

cause separation. Equation (14) expresses the maximum amplitude of y.

Therefore, equations (16) and (18) become

o -1

w?sy (k - bkeg)
(1 +p)(ef - o)

Fpl<:

-ufs, (k - bkeq)

(1 +Db)(af ~ w2)

where

L - IV

- above equilibrium

— below equilibrium

(19)

(<0)
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4 -
 =.

Let

Then

~0"s
If sinwt = 1, then

= (G, )ppax
g

where GL = number of g's of acceleration

Then substituting into equations (19) and (20)s- (GL)max (g) = wis,,

~(Gy D (8)(k - b )

F 21
PL™N @ + b) (e - o) (21
above equilibrium
( (k - bk_ ) |
e < G )pax (8) oq) (22)
(1 + D) (o - o?)
I below equilibrium

Equations (21) and (22) show that separation can occur at only
one position, either above or below plunger seating equilibrium. Due
to the arrangement of contact deflection, Fpi:Z.O, assume that for
k > bkeq, w < w,. Then equation (21) cannot be true and (22) holds.
For @ > w, equation (22) cannot be true and (21) holds.

Equation (<1) and (22) differ only in sign. If the position where

separation occurs is of no consequence,

l
! (Gpay) (8)(k - bkeq)
o1 | & tmax - - (23)
(1 + p)(0f - o?)

is valid for any frequency.
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Substituting: g = 386 in/sec and 2nf

33 wL (L3

9.78 (G | 140
Fa < Lnax l‘ -
m \ (£ - £?)

(24)

1k
\ 33wL
\ 140g

Equation (24) is much more representative of existing plunger
type contact systems than equation (4).

It is well to note that equation (24) becomes discontinuous as
f= fn' This means that any finite preload force will not be suf-
ficient to insure that the contacts will reméin closed if the exitation

frequency coincides with the natural frequency of the contact system.

Data and Results

The relay shown in Figure 11, page 19, and also the same relay
neremetically sealed within its case, shown in Figure 12, were tested
using a sinusoidal input.

A 1B Electronics ClOE Exciter Unit was used to generate the sum-
ulated external vibration input to the two above mentioned specimens.
The ClOL Exciter Table is partially shown in Figure 13, page 21. The
Control Cabinet for the ClOE Exciter Table is shown in Figure 14, page
22, This cabinet contains a combination sinusoidal and random type
input generator with its amplifier and a multipurpose vibration meter.

Among the many capibilities of this piece of equipment is its
specially designed arrangement between the vibration meter and the

input generator which enables it to maintain a constant "G" level of

16 - 1V
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acceleration while automatically sweeping a present frequency range
either for a sinusoidal or random type input. This unit can also main-
tain a constant displacement while automatically sweeping a particular
frequency range, "cross-over" at present frequency and maintain a con-
stant "G" level of acceleration for a particular range of frequencies)
either for a sinusoidal or random type input.

The ClOE Exciter Unit can produce a rated 1200 1lb. force vector.
The exciter table weighs 18.1 lbs. which means that the exciter table
can reach 1200 1bs, divided by 18.1 1lbs. or approximately 66,3 "Gis
of acceleration in the "no load" configuration. Neither relay speci-
men weighed more than 1.5 lbs, which left open the possibility of
reaching 1200 lbs, divided by 18.1 1lbs. + 1.5 1bs. or approximately
61 "G's" with the specimen attached to the table.

The caseless relay shown in Figure 11 was tested to and including
60 "G's" acceleration using a sinusoidal input. The encased relay
shown in Figure 12 was tested to and including 35 "G's" of acceleration
using a sinusoidal input to provide a means of comparing data and also
for detecting any changes in contact system performance due to the
case. The results of these tests are shown in Figures 15 through <0,

Although a test of 10 to 2000 cycles per second frequency range
was designated, a larger range was swept in particular instances in
which the contacts had separated at a frequency lower than 2000 cps
and remained so, as that frequency was reached., For instance, with
the encased relay, the frequency range was extended to 2400 cps in
order to determine the entire separation range for its upper contact
bar,

As a point of clarification, the area inside the curves shown in

17 -1V
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Figures 15 through 20 designates the frequencies at which contact
separation is continuously maintained for a given "G" level of acceler-
ation.

To further qualify the results in Figure 15 through 20, the C1lOE
Exciter Unit has two other limitations besides the 66.3 maximum at-
tainable "G" level., At 10 cps, the lowest point of the designated
frequency range, due to a displacement limitation of one inch (total),

a maximum acceleration of only 5 "G's" can be reached., From 10 to 20
cps the displacement limitation prevails. At 20 cps the maximum at-
tainable acceleration is 20 "G's", From 20 cps to 60 cps a velocity
limitation of 70 inches per second prevails. By coincidence the
maximum attainable acceleration equals the value of the frequency until,
at 60 cps, 60 "G's" can be reached, At 60 cps and higher frequencies
the "66.3 G limitation " prevails,

It is felt that the area of contact separation in the range of 400
cps for each contact bar in both specimens was due to the resonance of
a systen comprised of the mass of the relay attached to a form of canti-
lever beam, the beam representing the portion of the specimen attachment
bracket from its attach points to the exciter table, to the upper attach
points of the relay., It is felt that the fundamental natural frequency
of this system coincides with 400 cycles approximately. Equation 24 on
page 16 produces curves of the same form as that of the theoretical
curves shown in Figures <5 through 29, pages 15 - II through 19 - II of
"Vibration Control in Relay Design", Part II by Dr. R. L. Lowery, B. C.
Riddle and G. C. Stone, Interim Report No. &, NASA, Contract NAS 8-2552.
If the contact separation range in and around 400 cps is ignored, it can
be seen that Equation 24, page lfycould be applicable in this particular
instance. The "roundness" of the lowest portion of the contact separation
curves indicates that some form of damping is present.

The instrumentation for the above tests is shown in Figure 13.
13 - IV
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Figure 11

Caseless Relay Mounted on Exciter Table

19 -1V
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igure 12

Encased Relay lMounted on Exciter Table

20 - IV




dn-q8g 389J UT Pes) UOT}BIUSUNILSUT

€T em3rg

Rl - 1V

on o os o on oo ou oo oo h o o0 o = v wm o flen =



Gl G0 50 S0 G0 B WS o

“B° N

R

-l

Figure 14

Control Cabinet of C1lOE Exciter Unit
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CONCLUSIONS AND RECOMMENDATIONS

This study has dealt with the basic but general question, "How
can the contact system of an electromagnetic plunger type relay be
designed so that it 1s least affected by a given external vibratory
excitation"? That question can now be partially answered.

For relays which are analogous to the system in which both contacts
are flexible, the contact system should be designed such that the
natural frequency of the system is outside the range of required excit-
ing frequencies. It appears that the natural frequency of the system
should be below the operating frequency range for best design. How-
ever, this may not be possible if the relay is subjected to extremely
low frequency external excitation, since reducing the natural fre-
quency of the system requires a softer spring for constant mass. This
is not to imply that the mass of the system cannot vary. But, due to
electrical current carrying requirements and miniaturization, the mass
of the contacts can vary only over & swmall ran
may be easier to change the spring constants 1n order Lo aller uie
system resonant frequency.

Theoretically, according to equation (24), the most desirable

condition' for this system is that for which k = bk__, since for

eq
this case any value of preload would insure that the contacts remain
closed at any exciting frequency over any range of acceleration. How-
ever, this is most difficult if not impossible to achieve in a given
physical system., Manufacturing tolerances would allow some value of

difference, no matter how small, between k and bkeq, and the system

would once again be governed by a resonance condition, although the
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separation g level, at any frequency save resonance, would increase as
k approaches bkeq'

Optimum design with respect to the dynamic characteristics of
the system could be achieved if the stationary contact is made as rigid
as possible in relation to the other system parameters. To further guard
against contact separation, the mass of the flexible contact should be
made as small as possible.

Recommendations

The dynamic characteristics of the cantilever beam representing
the stationary contact should be thoroughly investigated both theoretically
and experimentally. Theory should be developed for and tests run on
a simulated contact system in which a cantilever beam which is very
flexible with respect to its length and mass is resting on a flexible
translating contacty, Also, the case in which a cantilever beam with a
nonuniform cross section is resting on a flexible translating contact
should be investigated.

Data from experimentation dealing with the particular relay in
this study showed that damping in some form is present in the system.
Daniping in general should be considered in subsegquent studies,
Specifically, the separate effects of coulomb and viscous damping
should be investigated.

The effect of overtravel spring resonance should be considered in
any model having either helical or cantilever type springs in its con-
tact system.

The response from random rather that sinusoidal excitation should
be considered in all models., Combined random and sinusoidal inputs

might also be considered.
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All nodels should be rounted in wvarious positions and tested to
investigate the possibility that multidegrees of freedom cases with
coupled modes exist. Certainly, irodels should be mounted so that
external excitation is applied perpendicular to that in Figure 11,
since it is felt that excitation from this direction would least
affect tiie contact system.

ovirfer attachment brackets should be used in testing to avoid
specimen component resonance similar to that in Figures 15 through 20,

All values of acceleration for the tests of this study were read
from the vibration meter of the Exciter Unit. These values come from
a signal generator mounted to the exciter table structure. Individual
accelerometer transducers should be attached directly to the specimen
and their output values should be used in lieu of those from the vi-

bration meter.
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SECTION II

VIBRATION TESTING OF A 75 AMP, ROTARY TYPE RELAY

This discussion deals with the methods used to test the effects of
vibration on a rotary relay. Also included are graphs and explanations
of the results., The purpose of the tests was to see if the rotary relay
functions properly in a vibration environment. It was assumed that the
relay failed the test if there was contact breakage or chattering while
the relay was energized to its design specifications. The results indicate
at what frequency (cycles/sec.) and at what root-mean-square (rms) "g"
level the relay contact points broke and when contacts reclosed.

A MB Electronics CIOE Exciter Unit was used to produce the vibration
environment. The exciter unit is controlled by a Control Cabinet which
contains a combination sinusoidal.and random type input generator with its
amplifier and a multipurpose vibration meter. The breakage of the contact
points was monitored by using a Tektronic Type 551 Dual-Beam Oscilloscope.
A breakage duration of 10 micro-seconds was considered a failure, The
block diagram in Figure 1 shows the test set-up used while conducting the
test to be discussed.

The first test conducted was to determine the lowest and the highest
frequency at which the contact points opened (chattered) and reclosed for a
specific rms "g" level, The frequency was varied manually and in the areas
of interest the frequency was held constant so that maximum energy could be
put into the relay. This method of testing was different from the constant
sweep method to be discussed. This test was conducted on the "bare! relay.
That is, out of its container and without the buss bars from the relay to
the Header attached. Two different types of forcing functions were used.

These were: Sinusoidal and 100 cycle Narrow-Band Random. The results are
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shown in Figure 2, The hashed lines show the frequency range for which the
contact points were opened or chattering. The symbol (®) is used for a
sinusoidal forcing function and the symbol (A) is used for a 100 cycle
Narrow-Band Random forcing function in this paper. As an example of the
results, in Figure 2, at 7 rms g's it can be seen that while exciting the
relay with a sinusoidal forcing function the contacts were closed at all
frequencies below 710 cycles per sec. Aﬁ 7 rms #gts" and 710 cps the
contacts broke and remained open until a frequency of about 750 cps was
reached. Then the contacts closed and remained closed for the duration of
this run of the test. A frequency range from 80 cps to 2000 cps was checked
at each "g" level., When the relay was being excited by a 100 cycle Narrow-
Band Random forcing function of 7 rms %g's" the contact points did not

break until a frequency of 575 cps was reached. The contact points remained
open between 575 cps and 930 cps then they reclosed. Aﬁ 1020 cps the con-
tacts again broke or opened and stayed open until a frequency of 1100 cps
was reached. Then they again closed. The contacts remained closed for the
rest of this test run.

The second test could be considered a continuation of the first, but
instead of manually controlling the frequency, the fregquency was swept at
30 deg/min constant rate between 80 cps and 2000 cps. The frequency was
swept both up and down the frequency scale. Thus, two frequencies for
breakage occurred in both the upper and lower failure areas for a specified
rms 'ig" level, These two different break frequencies are caused by the
time it takes to build up or dissipate energy in the relay depending on
which direction the frequency is being scanned. Therefore, the outer most
points on each side of the region the contacts were open is the frequency

at which the contacts reclosed. The inner points are when the contacts
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opened. These points can be seen in Figure 3 which is the results of this
test.

The third test was essentially the same as the second test except the
buss bar was attached to the "bare" relay. That is to say, the method of
testing was the same only the relay had additional parts attached. The
results cf this test are shown in Figure 4.

In comparing the results of the three tests, it is obvious that when
the relay is excited by either a sinusoidal or random forcing function, the
contacts chattered at or below the 3 rms "g" level. Using different test
methods and adding the parts to the relay only affected the frequency range
at a specific "g" level that the contacts were chattering. These effects
were most pronounced when a sinusoidal forcing function was used. An
interesting characteristic of all the test was how much larger the frequency
range at which the contacts were chattering was when the relay was excited
by a random force rather than a sinusoidal force. Adding the buss bars
did not affect the rms "g" level at which contact chattering began but
did affect the frequency range of chattering.

In addition to the testing being done a separate investigation is

being conducted to determine the effects of different parameters on the

EFFECTS OF NONLINEAR ELEMENTS IN CONTACTOR ANALYSIS

An investigation is being conducted to determine what effects non-
linear elements have on the sensitivity of contactors to time varying dis-
turbing forces. In particular, it is desired to determine how nonlinearities
in overtravel springs affect the separation criteria of contactors when the
contactor is subjected to an outside sinusoidal disturbing function.

The investigation has two main purposes: First, to determine whether

3-11



certain nonlinearities, particularily from the associated instability stand-
point, cause contactor separating to occur with a smaller outside disturbing
force than when the overtravel spring is linear, and second, to determine

if there is some combination of nonlinearity and physical parameters which
will make the contactor system relatively immune to outside disturbing
forces as far as contactor separation is concerned.

The investigation is being performed in two concurrent phases, ana-
lytical and experimental.

ANALYTICAL PHASE:

The analysis involves a lumped parameter system where the elasticity
is presumed to be contained entirely within the restoring springs and the
mass entirely within the contactor masses, The second restoring spring is
introduced into the system to account for the elasticity of the supposedly
rigid contactor and to permit study of the effects of varying the elasticity
of the "rigid" element.

Six system parameters are involved in the analysis; two masses, two
springs, the overtravel force and the nonlinearity of the overtravel spring.

Whereas the analysis would be simple and straightforward in a linear
overtravel spring case, the introduction of a nonlinear overtravel spring
complicates the equations of motion to such an extent that closed form
solutions are prohibited. The complication results mainly from the over-
travel force. Application of a set overtravel force to a nonlinear spring
with a symmetric restoring characteristic results in a displacement of the
equilibrium position so that the system restoring forces are no longer
symmetrical about the static equilibrium position. This factor invalidates
the approximate simple harmonic solution for the response curve which is

widely used in nonlinear analyses involving symmetric restoring forces.

4 - 1I



This complication places the theoretical determination of the re-
sponse curve beyond the scope of the investigation. However, this does
not prevent fulfilling the purposes of the investigation since a unique
phase plane delta program has been developed for the IBM 1620 which per-
mits determination of the backbone of the response curve. This can be
compared with the measured response curve of the experimental phase.in the
final data reductions,

Free body analyses of the contactor masses permit determination of
the relative displacements of the contactor masses from the equilibrium
position at which separation will impend. These are independent of the
system disturbing function but, in the nonlinear case, are implicit
functions of relative displacement and system parameters. Splutions re-
quire fixing certain parameters and resorting to computer root solving
techniques. However, the capacity of the IBM 1620 permits determination
of meaningful families of curves which clearly indicate the effect of
system parameters on the relative displacement of the contactors at im-
pending separation. Although this portion of the investigation is not
complete there is ample evidence that system papameters have a marked ef-
fect on impending contactor separation.

EXPERIMENTAL PHASE:

A model of the contactor system has been constructed which will be
used in attempting experimental verification of the analytical findings.
Construction was on an expanded scale in order to permit complete instru-
mentation of the contactor masses, Instrumentation will include acoelero-
meters, load cell and displacement measuring. Testing will be performed
using the MB C-10 Electrical-Mechanical Shaker System to provide the ex-

ternal excitation.

5-11



Model design was based on duplication of the analytical lumped para-
meter system although an appropriate amount of spring mass must be included
with contactor mass to duplicate the analytical system. The contactor guides
use forced air lubrication in order to eliminate nonlinear friction damping.
Very little damping will be present and it will be linear. Provisions were
made for varying the nonlinearity of the overtravel spring as well as the
stiffness of both. Rigidity of the model is such as to prevent excitation

of cross modes and provide reasonable expectation of data repeatability.
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Schematic Diagram of Test Set-up

Figure 1
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SECTION II

VIBRATION TESTING OF A 75-AMP ROTARY TYPE RELAY

The first part of this discussion is a continuation of the Twelfth Interim
Report. The relay was tested in different stages of assembly from the bare
relay to the relay in its container. "Table" accelerations of contact sep-
aration versus exciting frequency data were collected. The term '"exciting
frequency" is the frequency of the driver or table. The latter part of this
discussion will be about the frequency response of the relay.

In the Twelfth Interim Report, the relay had been tested from the bare
relay to the bare relay with buss bars from the relay to the header attached.
The next step was to complete the reassembling of the relay or put it ih its
container, This will be referred to as relay in the box as compared to the
bare relay.

So that more information could be obtained from the test, as accelerometer
was attached to the relay., Acceleration from this accelerometer will be cal-
Figure 1 shows 2 schematic diagrar
relay, which will be used throughout this discussion with the accelerometer
attached. In the Twelfth Interim Report table accelerations at contact sep-
aration versus exciting frequency plots were made. In this report a raﬂio
of relay acceleration to sinusoidal table acceleration versus exciting freq-
uency will be plotted. This was done so that the contact separation plot
of the relay in the box could be compared to the frequency response of the
relay in the box.

A hole was drilled in the relay container so that the accelerometer
attached to the relay could be used to obtain data. A test to determine
contact separation was conducted on the relay in the box. The test pro-

cedure was to set the exciting frequency at a fitted value and vary the
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table rms acceleration until separation occurred. Both the table and relay
accelerations were recorded. Figure 2 is a table and plot of the results of
this test. The plot was made using the ratio of relay acceleration to table
accelerations at contact separation versus exciting frequency. The small
circles are data points and the lines are interpolated. It should be pointed
out that if only table acceleration at contact separation versus exciting
frequency would have been plotted, the plot would be the same as those in

the Twelfth Interim Report. There could be a small shift along the excit-
ing frequency axis of a few cycles per second. The relay accelerometer
indicated the contacts separated at about 4O Mgt!sh,

From all tests conducted on this rotary type relay for table acceleration
at contact separation versus exciting frequency, it can be seen that at cer-
tain exciting frequencies, the contacts separated at table levels below three
ngtgn, The contacts separated in all the stages of assembly but with small
shifts along the exciting frequency axis. In an attempt to explain why the
relay had this type of response in a sinusoidal vibration environment,
freqguency response curves were obtained for the relay.

The frequency response curves were found by exciting the table with a
constant sinusoidal accelerations and reading the acceleration of the ac-
celerometer attached to the relay., The exciting frequency was swept at a
slow rate through a range from 70 cps to 2000 cps. Each test took about an
hour and a half., In each case, the relay was energized so that the contacts
were closed., Plots were then made of the ratio of the relay acceleration
to tuble acceleration versus exciting frequency. The small circles are
data points and the lines are interpolated. Frequency response curves were
made for the bare relay, the relay in the box, and the bare relay supported
in different manners. Unless otherwise specified, the relay was always sup-
ported at the coil end as it would be in its container.
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Figure 3 shows the frequency response of the bare relay supported as it
would be in the container. The schematic in the upper right hand corner of
the figure shows how the relay was supported. Similar schematics will be
found on all frequency response curves showing how the relay was supported.
From Figure 3 it can be seen that there are three predominant resonant fre-
quencies., The first occured at about 600 cps, the second at about 1000 cps,
and the third at 1500 cps. By looking at the wave shapes of the table and
relay accelerometers it was found that as the first resonmant frequency was
approached the waves were in phase. After passing the first resonance the
waves were out of phase. At the second resonant frequency, the waves were
about 180° out of phase. And at the third resonant frequency, the waves were
varying from 90° to 180° out of phase,

Although the wave shape of the table accelerometer varied very little
from a sinusoidal wave, the wave shape of the relay accelerometer was very
nonsinusoidal above about 800 cps. At a future date, this wave will be
analyzed using a wave analyzer to determine the predominant frequency com-
ponents. Only the first resonant frequency will be of interest and will
be referred to later in this report.

Figure 4 is the frequency response of the relay in the box. The resonant
frequencies are at about 650 cps, 1050 cps, 1300 cps, and 1800 cps. Com-
paring the shape of the first resonant freduency and its location on the
exciting frequency axis with the contact separation plot of the relay in the
box and its location on the exciting frequency axis it can be seen that
they are about the same. This indicates that contact separation occurs
as the relay begins to resonate. Contact separation did not occur at the
second rescnant frequency with table acceleration below 20 ®gt!s®, The wave
shapes of the table and relay accelerometers at the second resonant fre-

quency were about 180° out of phase.
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It can be seen in Figures 3 and 4 that the resonant frequencies are not
at any specific harmonic or sub-harmonic of the first resonant frequency.
This could mean that each resonant frequency is for different parts of the
relay and not a single part or that coupling and nonlinearities are occuring.
It is believed that the first resonant frequency is that of the relay. The
body of the relay is made up of the coil and shell. The shell is that part
of the relay which contains the contacts. (See Figure 1). This same first
resonance can be seen in Figure 3 and is seen to be located near the same
exciting frequency as in Figufe L. To substantiate the resonance of the
body, the bare relay was supported in different manners to see if the first
resonant frequency could be changed.

The bare relay was supported at both ends by adding a quarter-inch
L-shaped piece of aluminum to the original supporﬁ. Thus, the body of the
relay was fixed to the exciter table at each end. Figure 5 shows the fre-
quency response curve obtained from the bare relay supported at both ends.
Now the first predominant resonant frequency occurred at about 1500 cps and
the second at about 185C cps.

Comparing the frequency responses of the bare relay supported at one
end, Figure 3, and the bare relay supported at both.ends, Figure 5, the
first resonant fréquency has been shifted along the exciting ffequency
axis from about 660 cps to about 1500 cps.

Figures 6 and 7 show the frequency response of the bare relay supported
in the middle and at the shell end, respectively. When the relay was sup-
ported in the middle, the first resonant frequency was at about 1100 cps.
This is a 500 cps increase in the first rescnant from the relay suppert at
one end. Supporting the relay in the middle and at the shell end, the first
resonant frequency occurred at 550 cps and the second at about 1300 cps. The

most predominant resonant frequency was at about 1500 cps.
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In the future, different types of damping will be used to try to lower
peak values at all resonant frequencies. Also, further investigation will
be made on ways to support the relay inside its container and on ways to
support the container so that resonant frequencies can be shifted beyond
2000 cps.

TEST CONSIDERATIONS

Excluding the data presented in Figure 7 which was the results of only
one test, all other data were collected at least three times on separate days.
Resonant peaks shifted along the exciting frequency axis not more than 50 cps
if they shifted at all. The peak values at the resonant frequencies varied
not more than one unit along the ordinate from one test to the next. All
other data points shifted less than 50 cps along the exciting frequency axis
and less than one-half a unit along the ordinate. In every test, data were
recorded every 10 cps as the exciting frequency was swept from 70 cps to
2000 cps. The data were plotted using 50 cps increments unless additional
points were needed for clarification.

Attempts were made to minimize the "cross-talk" of the support used to
hold the relay. As long as the relay was not near a resonant condition the
cross-talk was less than 15% of the driving %g® force. But in each case
as resonance occurred the cross-talk increased, The amount of increase de-
pended on whether the table and relay motims were in or out of phase. When
the table and relay motions were in phase the cross-talk increased from about
15% to about 90% of the driving force at resonance. If the table and relay
motions were out of phase cross-talk increased to about 200% of the driving
force at resonance. The accelerometer used on the relay has a cross sensi-

tivity of 2%
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SUMMARY
Part F

Design Theory

Design theory deals with the problem of knowing when a group of
mathematical relationships form an independent set, and also when a set
of selected parameters are consistent. Consistent in this sense means
that the use of the relationships with a selected set of parameters will
not determine any parameter in the selected set by using the other para-
meters of the same set.

A mapping and decomposition technique was developed which provides a
convenient means by which a set of relationships can be checked for in-
dependence and a set of selected (specified) parameters can be checked
for consistency.

The problem of having to solve a group of simultaneou§ equations to
determine whether or not a given set of parameters is consistent was
examined. It was shown that this is a property of the particular form
in which the mathematical model is presented. This investigation also in-
dicated that the model could be presented in the form of a linear graph
with a one to one correspondance between branches and parameters. The
linear graph representation has some disadvantages in that any minimum
set of parameters which form a complete loop may or may rnot be a
consistent set. However, any minimum set of parameters which do not

form a complete loop is a consistent set,
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Use of Abstract Models in Relay Design

Dr. D. D. Lingelbach
-Associate Professor of Electrical Engineering
Oklahoma State University
Stillwater, Oklahoma

The design of a relay, as with other devices, involves some kind of
model from which various decisions can be made. Before the device can
become a physical reality, the model must present a set of numerical values
which are used to produce the device., The determination of the numerical
values is essentially the last step in the use of the abstract model, and
the model must be of a certain form in order to obtain numerical values
from it. There are a number of questions that must be answered which are
independent of numerical values. One of these is whether or not the col-
lection of relationships used for the model is independent. Another
question is whether or not a set of requirements, given in terms of a
restricted set of parameters, is independent. These two questions need
to be answered before the numerical values are considered. The second
question presented maybe answered at different levels of the system
representation. If the requirements do not involve a particular geo-
metrical configuration, then a more basic level of the system model maybe
used. The level of the model is determined by the parameters restricted
by the requirements. If the requirements involve a geometrical consid-
eration, then a model must be used which contains the parameters rep-
resenting the geometrical part.

A procedure is presented and illustrated in this paper which allows
one to determine whether or not the relationships representing the model
are independent. In addition, a scheme is discussed which allows one to
take a higher level model and reduce it to a more basic level. Also, an
example is given which demonstrates how to determine if a set of restricted
parameters is independent or dependent, The problem of starting with a
basic level of the model and expanding it to a higher level is presented
but as yet no clear cut procedure has been developed to accomplish this
expanding directly.

The most effective way to present the concepts involved in using
different levels of abstracts or mathematical models is to take a var-
ticular model and demonstrate the various operations. The manipulations of
abstract models, presented in this paper, allows one te use their own

. collection of design equations. In addition, .this discussion should

simplify and present some additional insight into the problem of design.

It seems reasonable to assume, that anyone designing relays must use
some kind of mathematical model to design from. This model would prob-
ably take the form of a collection of algebralc-trigonometrlc relation-
ships. The algebraic-trigonometric form niust be available before numerical
values can be obtained for the parameters., However, if one uses this
form of the model to make all decisions then a lot.of extra work is being



done. A number of decisions can be made by using a model in which only

the functional form is presented, not the algebraic~trigonometric form.

Whether or not a given set of specified parameters is independent is one
problem which can be solved by using the functional form of the model.

In this part of the paper it will be assumed that the individual
already has a collection of equations which he uses in relay design.
Since each one would probably have a different set of equations for their
model of the relay, the model used here is not to be taken as complete
but is only used to convey some of the concepts 1nvolved in this kind of
aeve.Lopmeut .

The model used here for this discussion has 38 parameters and 21
relations. - These 21 relationships are shown in the’ Appendix. The form
of the model being discussed is obtained by listing all the different
parameters in a row arrangement and relationships in a column arrange-
ment such that only the parameters that occur in a given relationship
appear in that column. The 21 relationships and 38 parameters shown in
equation form in the Appendix are presented in matrix form in Figure 1.

One important phase of the use of any model is whether or not the
physical law relationships making up the model are independent. A de-
composition method has been developeéd which is very useful when the model
is of the form shown in Figure 1.' This decomposition method is defined
as follows:- : '

Let [(Pl)] be the set of parameter sets of the physical law relation-

ships [f5]. "Let [f, ] be the subset of relationships such that each

' parameter set (P,) }ﬁas a parameter, say P'k, such that P'k does not belong
to any other parameter set of [(P;)]. Remove'the set of relationships
[fi ] from the original set [fi] Repeat the decomposition process on

' the parameter sets of the remaining relationships [f3] - [fy ]J. If this
process terminates with no remaining relationships, the set of relation~
ships [f;] is said to be decomposable. The physical law relationships

' are 1ndependent if and only if, they are dec:omposa.ble.a

This decomposition procedure is illustrated by using the model rep-
resented by the matrix shown in Figure 1. The procedure is to mark every
parameter that occurs only once on the matrix. This is easily done by
examining every row and marking any row which contains only one parameter.
The following parameters occur only once in the matrix shown in Figure 1:
Ry, ¢, d', i, K, my M, P, r and tge According to the decomposition
method, each relatlonshlp which contains one or more of these "single"
parameters is removed from the model.® The first application of this
decomposition method removes relationships ha, h4, hy, hg, hya, hys, hyy
and parameters R, ¢, d', i, K, m, M, P, r and tg. This is shown in
Figure 2. Removing these relationships and the "single" parameters from

’iz‘_l_l_“ Theory For Design, c. C. ijeeny, Ph.D. Thesis, Oklahoma State Univ., 1963

3 "Single" means the parameter appears in only one relationship of the

given or remaining matrix.
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the matrix gives a new matrix. This same process is performed on the new
matrix resulting in a second new matrix. This procedure is continued until
either no "single" parameters occur in the remaining matrix or no relation-
ships remain. For the model in Figure 1, this procedure was applied four
times which resulted in no remaining relationships so the physical law
relationships of the model are independent.

Once the relationships are shown to be independent then it is
possible to use the matrix to determine how many parameters maybe arbi-
trarily specified and whether or not the set of specified parameters is
independent. The number of parameters which can be specified arbitrarily
is equal to the number parameters ‘minus the number of relationships in
the matrix. 1In this case 17 parameters can be specified arbitrarily using
the matrix in Figure 1 since there are 38 parameters and <1 rélationships.

In order to check to see if the 17 specified parameters are independent,
or not independent, the following procedure is used with the matrix in
Figure 1. Assume the parameters selected to be checked for independence
are the following: B, A, M, a, ¢, E, e, m, M, p, P, P, q, ry, tg, u and
Xge : '

1. Circle the occurance of each of the parameters (row) in all
relationships (column) and record this by placing a circle in the first
column of the matrix.

2. Check each relationship (column) to see if all the parameters
in that relationship are circled. If any such condition exists, then that
subset of parameters (contained in that relationship) is not independent
and any one parameter of that subset must be made unselectable. A new
parameter is then selected and steps 1 and 2 repeated. If the condition
in step 2 does not exist then go to the next step.

3. Check each relationship (column) to see if all but one parameter
in that relationship is circled (selected). - If so, that on one parameter
not circled is enclosed in a square and a square placed in the first column.
This parameter, now enclosed by a square, is fixed and is treated as a
selected parameter, i.e. all other occurances of this parameter are
circled. This process is continued, rechecking each relationship to see
if all but one of the parameters are now circled. Continuing this pro-
cess will result in all of the parameters being marked either with a circle
or square, or the condition in step 2 is obtained, or neither of these
conditions occur. If neither of these conditions occur then the situation
of m parameters and m relationships with at least one uncircled parameter,
will occur. Then the m relationships will have to be solved 51multaneously
in algebraic form for the m parameters. Whether a unique result is obtained
depends on the algebraic form of the m relationships.

The first step of this procedure is shown in Figure 3. Examination
of Figure 3 shown that the condition explained in step 2 does not exist.
Therefore, the condition explained in step 3 is applied. This shows
that relationships h, and h,, satisfy the condition of step 3. Following
through with the rest of the procedure gives the result shown in Figure 4.
Two sets of relationsunips had to be solved simultaneously, these were
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hy;, hys, hyg and hs, hg. The parameters involved in the simultaneous
solution are enclosed by a triangle. Since there were five equations
solved simultaneously, there were five parameters involved. The result.
shown by the matrix indicates that the parameters. selected are inde-
pendent, since all the parameters are either marked with a circle, square
or triangle. The alphabetical list at the bottom gives the. order of °
solving the equations once numerical values are assigned to the selected
parameter. This notation is helpful when it is necessary to determine
numerical values for the parameters.

The mathematical model shown by the matrix in Figure 1 contains
parameters representing dimensions since the magnetic circuit is included.
The parameters b, ¢, d, e, f, g, h, i, £, m, p, Qq, r, S, u, X, and A are
dimensional parameters. Sometimes it is desired to know whether or not
a set of specified parameters is independent regardless of the particular
geometrical form of the device. Certain parameters like coil voltage E,
coilpower P, coil resistance R, pick-up time t,, armature transit time
k are specified but the particular form of the gevice is not involved.
Therefore, a different level of decision is involved at this point. The
problem is whether or not the independency of a set of parameters of this
kind can be checked on the matrix in Figure 1? This answer is yes but
certain dimensional parameters must be assumed if the matrix shown in
Figure 1 is used. This is not usually convenient to do. The most
convenient way to change the level of the system is by eliminating the
parameters not uesired, or more correctly, keeping the ones desired. The
desired parameters will be called necessary parameters and the level of
the system is changed by the following process.

1. Mark on the matrix in Figure 1 all the necessary
(desired) parameters that must remain in the system
model.

2, Mark all the parameters that occur only in one
relationship that are not necessary parameters.

3. If all "single" parameters are necessary para-
meters then the syStem level can not be reduced.!
If there are "single" parameters Wiich are not
necessary then proceed to step 4. :

4. Examine each relationship which contains one or
more "single" non-necessary parameters. If the
relationships contain only "single" non-necessary
parameters or "multiple" parameters (necessary or
non-necessary ) then that relationship is removed
from the matrix along with all the "single" non-
necessary parameters.® If that relationship con-
tains any "single" necessary parameter then nothing
can be removed.

v Ibid.

2 "Multiple" means the parameters appear in more than one relationship

of the remaining matrix.
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5 \Repeat step 4 until no "single" non-necessary
parameters exists unless it is in a relationship
containing a "single" necessary parameter..

This procedure is best explained by considering the following example
of reducing the system level.or order. ASsume that the following are
the necessary parameters: 1, E, k, M, P, P,, R, ty, ts and x,. (Note
these parameters. do not have to be independent, in gact in general they
probably will not be independent)., Figure 5 shows the results of per-
forming steps 1 and 2. The necessary parameters are shown by a v and
the "single" non-necessary are shown by a 1l.

The parameter R, is "single" and non-necessary and is only in
relationship h,. Examination of h, shows that it contains, in addition
to R, only "multiple" parameters so h, is removed from the matrix along
with R_. The next "single" parameter is ¢ and it is in relationship hyq.
Relatignship hy, contains only "single" non-necessary or "multiple" para-
meters so it is removed along with the two Msingle" non-necessary para-
meters ¢ and i. The parameter d' is next and it is removed along with
hy3. The next non-necessary "single" parameter is K which is in hi.
Examination of hj shows that it contains a "single" necessary parameter
so neither K nor hjy can be removed. The first three reductions are shown
in Figure 5. The final reduced matrix is shown in Figure 6. This mabrix
contains the necessary parameters plus the additional parameters that are
needed to relate tHe necessary parameters and represents a different
level of abstract model since most of the parameters are independent of
the geometrical shape of the device. The number of parameters which can
be specified arbitrarily using the matrix in Figure 6 is 12, The matrix
in Figure 6 can be shown to contain only independent relationships by using
the decomposition method described previously in this paper.!

The matrix in Figure 6 is used to determine whether or not the
twelve parameters that are under consideration are independent. Of the
seventeen parameters that were used previously in the discussion, only
eight are in the matrix in Figure 6 and these are B, M, E, M, P, P,, tg
and x,. An additional four parameters can be selected to be specified
and these will be (@, o, £ and s). Using the matrix in Figure 6 to check
these specified parameters for independence gives the result shown in
Figure 7. The twelve parameters selected are independent.

The matrix shown in Figure 6 is said to represent a more basic level
of the abstract model since most of the parameters are more inclusive in
that they are independent of the geometrical form of the device. In ad-
dition the size of the matrix is smaller and consequently takes less time
to obtain results from it.

Up to this point in the discussion, it has been assumed that the
collection of equations were available and the need was to determine
whether or'not the collection of relations was independent and whether
or not a given set of requirements in terms of specified parameters was

1

A Theory for Design, C. C. Freeny, Ph.D. Thesis, Oklahoma State Univ., 1963
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independent. The inverse problem of finding a collection of relationships
to form the abstract model is not so well defined, as yet.

One approach is to consider dividing the system or device under
consideration into characteristic subsystems. These characteristic sub-
systems could be those that are associated with a particular form of energy
conversion such as the electrical to magnetic conversion subsystem, the
naginetic to mechanical conversion subsystem, and the mechanical to electrical
converiosn (contacts) subsystem. BEach general specification such as
temperature, shock, vibration is then associated with each subsystem to deter-
uine the parameters of the subsystem which are influenced by the specifi-
cation. The parameters lisled are those that are usually restricted by the
general requirement and these are called the necessary paramevers. The
desire thenis to develop a model which has the property of consisting of
independent relationships, which will relate these, and any other additional
parameters, together. 'The procedure then is to separate the parameters
into relationships based on whether or not there are known physical
principles which relate any of these parameters to each other or ad-
ditional parameters. For the class of parameters for which there are known
physical principles, choose the physical law relationships which relate
only the parameters from the necessary ones. If it is not possible to
find physical law relationships which involve only parameters from the
necessary class, then form relationships which use the smallest number of
aduitional parameters. This procedure is continued until a model is
developed that has the properties discussed earlier in this paper.

The discussion in this paper has tried to show that the functional
form of the abstract or mathematical model can be used to make decisions
wnich do not require numerical values. In addition, a scheme has been
presented which allows one to decermine if a given collection of
equations, representing physical principles, are independent or not
independent. These equations, which are used to obtain the functional
Torm of the relationships, must show all the parameters involved and the
only numerical values allowed are tiose concerned with units.
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SECTION III

AN INVESTIGATION OF AN ALTERNATE DESIGN MAP

The relay design map has been used as a method for obtaining allowable
design specifications, The procedure used is to select the designated
set of parameters and see if they “map through", The results of such
an operation will fall into one of three possibilities: (1) If the
set maps through, this indicates that the set is an allowable specification
set. (2) 1If the set does not map through because of a contradiction,
the set of specifications cannot, in general, be satisfied. (3) 1If
the set fails to map through and there is no apparent contradiction, no
information is obtainable from the map and two or more equations must
be solved to determine the allowability of the set of parameters in
question. In cases (1) and (2) the functional form of the relations
is not needed, however, in case (3) no information can be obtained un-
less the functional form of the relations in question is known. There-
fore, it should be kept in mind that the information that can be ob-
tained from the design map is limited to cases in which the functional
form of the relations is of no consequence.,

An independent set of relations can be altered such that the para-
meter-relation structure is different but the information and therefore
the system which is represented by the relations is unchanged. In view
of this possibility, a logical question might be; what effect does this
change have on the parameter sets which will or will not map through?
An example has been prepared as an answer to this question. The dis-
cussion of the example will explain what occurs and why.

An alternate representation of the design map is obtained by al~

lowing line segments to represent parameters and closed loops to

1-1III




represent relations. This method has been suggested before, but has not
been used because of the problem of arranging the line segments to form
closed loops corresponding to the relations, without having a particular
line (parameter) appear more than once., This problem, it is believed,
can be overcome by proper selection of the relations which are to define
the system. Proof of this has not yet been obtained, but present results
are very promising.

The following examples apply to both questions presented above and
will be discussed with both problems in mind.

Consider a relay system defined by the following relations.

Ro (x, + aN2P,
(1) "= (157.5)[ — ]

ENs
N° g% 1
(2) tg = (1078) Ln{ ;l +
(xo + Q')(Rc) 1l-

%

(8,66 x 1073) [

18 M x,° Re }
BZ M (1 - ML - V3(1 + Kxo/Po)]

(3) P=E/R,

s* (L-8-0)(1+B+o0) 2 g

(4) R, = (.865 x 107°) ”
(.637) £ s (1-8 -0) gy

AR

~

(5) N =

The parameters @, 8, o, gp, g, and [1 - V3(1 - Kx,/P,)] will be

considered constants in the example.

2 - III
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4 design map of this system is shown in Figure 1. A specification
set, Rq, N, s, B, X,, T, M?, has been selected for test. The result,
shown in Figure 1, leaves the two parameters & and £ undetermined and
therefore an appeal to the relations themselves is necessary to deter-
mine if the set is an allowable specification set., To do this consider
a system defined by the relations (4) and (5). Then the question be-

comes, is R,, s and N a specification set for the two relation systems?

Let A = R,
B=gs8
C=N

Ky = constant

Kz = constant

B?y
Then (4) becomes A = K, -
- b
Kz £ B
and (5) becomes C =
62
Solving for £
Ks C?
L =
A

Solving for 6

5 = KBC/A

Therefore both £ and 8 have been determined and the original set of
parameters is an allowable specification set.

Now if equations (4) and (5) are combined the result is equation (6)

N? (L+8 + o)
(6) Rg = (2,14 x 107%) x : }

#g? (1-8-0)

3 - 1II1
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If relation (5) in the previous system is replaced by relation (6),
a new set of relations is obtained which defines exactly the same system.
The map for this system is shown in Figure 2., The same set of para-
meters that was tested on the map of Figure 1 is shown to map through
in Figure 2., Therefore, the set is known to be an allowable specification
set. The point of the example is quite clear., A given set of para-
meters may "map through" on one map and not on another apparently
equivalent map. The reason for this result is traced to the maps them-
selves. Although they are both maps of a set of relations defining a
given system, they do not contain the same information. For exanple,
the first map shows it might be possible to solve equation (4) and (5)
and obtain a relation involving only R, and N. Whether or not this can
be done cannot be determined from the map itself, and therefore no set
of parameters containing both R, and N would map through the design
map in Figure 1.

The map in Figure 2 does not contain this possibility and the set
containing Re and N mapped through. The difference in information con-
tained in the two maps is a result of the particular functional form
of the relations themselves,

If the alternate representation were used the design map of Figure 1
would appear as in Figure 3. Note that the parameter N appears twice
in the map an% there is no possible arrangement that will eliminate this
problem since the indicated relation 1RCN’ is properly contained in a
second relation ixo, M, Pos 8, Ryy E N},

The map of Figue 2, in alternate representation would appear as
in Figure 4. Note that there is no parameter that appears twice and

yet all relations appearing in the system are represented. Use of this

L - III
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design map is quite simple. Any set of parameters which does not form
a complete loop is an allowable specification set. These which do form
a complete loop may or may not be allowable. This is exactly the same
information which can be obtained from the standard design map . The
alternate design map is of importance because it allows the listing of
all possible sets of parameters which will "map through". The method

for doing this will be the topic of a future report.
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SECTIGN IV

METHODS FOR OBTAINING ALLOWED SPECIFICATICN SETS

An allowed specification set for a system is any set of parameters of that
system for which arbitrary scalar values can be selected without any contra-
dictions arising. At present, the design map i1s used to check a given set of
parameters to determine if they are an allowable set, The results are not exact
since if the set fails to "map through'" some additional test are sometimes re-
quired,

When a set of parameters does not give positive results on the design map,
it becomes necessary to determine which subset of parameters is causing the con-
tradiction. Once the cause of the difficulty is determined, removal of one or
more parameters from the set will give an allowable set.

Determination of the particular subset of the test set which disallows

positive results can become quite difficult when the test set has many elements,

This section of the report is concerned with the selection of allowed specification

sets and presents a method by which these sets can be obtained.
A useful technique employed in the selection of allowable sets is the fol-
lowing decomposition process:
Given a set [§3]of relations on the parameters [Pn],
discard all relations involving a parameter which appears
in only one relation. Consider those relations remaining as
[$1] and again discard those involving unique parameters.
The set {$4] is said to be decomposable if this process
yields the empty set in a finite number of applications.
It can be shown that decomposibility is a necessary and sufficient condition

for independence of the relations under certain conditions. Therefore, the

1-1IV
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terms independence and dependence will be used rather than decomposable and non-~
decomposable,

The key to checking specification sets lies in the fact that every independent
set of relations will have at least one allowable specification set., Also, it is
know that there does not exist any set of parameters which will map through a
dependent set of relations. The obvious result of this is that any subset of
parameters, which when deleted from the system leaves the relations independent,
is an allowable specification set. Therefore, any subset of the test set may be
checked for allowability without the necessity of trying to map it through with
the rest of the set. By the same reasoning any set of parameters which when
deleted from the system leaves a dependent system, will not map through. If this
is the case there is no point in trying to include it in any test set.

The above discussion suggests a method for generating an allowed specification
set. That is, select the parameters one by one, testing each time to determine
if an independent system remains. If the desired parameters are selected in order
of their importance in the design then the best possible specification set is
obtained.

An example of this process is given in the sample selection problem which
follows,

Consider a relay system defined by the following relations.

(1) (ms E, Poy Rgy S5 Xo, N)

(2) (m, E, M, Roy tgy X0, N)
R

(‘I"’) (6, ,z”_,’ A-uc, S)
(5) (&, 25 8, N)
2 -1V
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the decomposition sets
ao
b

The system with the test
(1)
(2)
(3)
(4)
(5)

which is dependent since
ae
bo

Co

that the desirability of

indicated by their order

(1)
(=)
(3)
(4)
(5)

If the set [N, Ry, 8, %o, S, Po, 7n] is selected for test, the results are

negative as shown in Figure 1. The original system is independent as shown by

[1, 2, 3] (first decomposition set)
[4, 5] (second decomposition set)
set removed is

(E)

(E, M, ts)

(E, P)

(2)

()
the decomposition process yields
[2, 3] (first decomposition set)
[1] (second decomposition set)

(4, 5] (this set is non-decomposable)

This result indicates that the set will not map through and this fact is

also exemplified in the results of the mapping in Figure l. If it is assumed

the parameters as members of the specification set is

as given above, each subset may be checked for allow-

ability. This process is indicated below.

Step 1l: The system with N removed is

(Tb E, Py Rg, S, Xo)

(n, E, M, Res tx, Xo)

3 - IV
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which has the decomposition classes

a. [1, 2, 3]
be [4]
co [5]

Step 2: The system with [N, R,] removed is

(1) (n, E, Boy S, %)

() (m, B, M, tg, X,)

(3) (&, P)

(4) (8, 2, S)

(5) (8, 2, 5)
which, when an attempt at decomposition is made, yields

a. [1l, 2, 3] (first decomposition class)

be [4, 5] (non-decomposable)
The implication of step 2 is that no set containing both N and R, will map through.
Since N is considered more desirable than Rc, Rc will be removed from the set of
specifications.
Step 3: The system with [N, §] removed is

(1) (m, E, P, Rey S, %)

(2) (m, E, M, Ry, tgs Xo)

(3) (B, P, Ro)

(4) (g, R, S)

(5) (2, 8)

which has decomposition classes

ae L1, 2, 3]
be [4]
c. [5]

5 -1V



(- e e wm em m P mmmm o we -

\

Step 4: The system with [N, 8§, x,] removed is

(1)
(2)
(3)
(4)
(5)

(n, E, P,y Ry, S)
(ms E, M, R, tg)
(E, P, R;)
(2, R,s S)

(2, 8)

which has decomposition classes

Step 5:

ae
be

Co

[1, =, 3]
(4]
(5]

The system with [N, &, x,, S] removed is

(1)
(2)
(3)
(4)
(5)

(M E, Pos Re)
(M, E, M, Ry, tg)
(E, P, R¢)

(2, R)

(2)

which has decomposition classes

Step 6:

a.
b.
c.

The system with
(1)
(2)
(3)
(4)
(5)

(1, 2, 3]

[4]

[5]

[N, 8, Xo, S, P,] removed is
(M E, Re)

(ﬂ; E, M, Rg, ts)

\
c/

)

lan i)
\Liy Iy
(25 Re)
(2)

6 - IV
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which has decomposition classes

a. [2, 3]
b. [1]
c. [4]
de [5]

Step 7: The system with [N, 6, x,, S, P,, ] removed is
(l) (E’ Rc)
(2) (B, M, Ry, tg)

(3) (&, P, Re)

(&) (2, Rg)

(2) (2)
which has decomposition classes

a. [2, 3]

b. [1]

c. [4]

d. [5]

Step 7 indicates-that an allowable specification set has been obtained,
retaining as many as possible of the original test set. An additional parameter
may be selected to replace R, In practice this procedure is accomplished very
easily and quickly and will allow the designer to pinpoint contradictions in the
specifications without having to map the entire set through.

It is possible for a single parameter, when removed from the system, to
leave a dependent system. It follows then that any set containing this parameter
will not map through. The procedure in the example allows a quick check for
this possi

It might sometimes be desirable to obtain a listing of all sets of parameters
which will give positive results on the design map. If the system is represented

by a linear graph as was used for an alternate representation in the last report,

7 -1V
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it can be shown that the "trees" of the graph are those sets of parameters
which give positive results on the design map. A method for obtaining a list-
ing of the trees is given below,

Given a linear graph with V verticies and E edges, form a listing of any
V - 1 vertex cut sets. (A vertex cut set corresponding to a particular vertex
is just a listing of the edges incident to the vertex.) Obtain the Cauchy pro-
duct of the cut sets and the result is a list of all trees of the graph. (The
Cauchy product will be explained in the example).
EXAMPLE:

Consider the system shown in Figure 2

Figure 2
The vertex cut sets are [A, E, D], [A, B], [B, C, E] and[C, D]. Select
V - 1 of these cut sets, [A, B];, [B, C, E], [C, D] and arrange them in the
following manner:
(A+B) (B+C+E) (C+D)
Preform ordinary multiplication on the line shown obtaining
(AB + AC + AE + BB + BC + BE) (C + D)
and ABC + ACC + AEC + BBC + BCC + BEC
+ ABD + ACD + AED + BBD -+ BCD + BED
Remove all products which contain the same edge twice and all products
which appear twice. The result is
ABC + AEC + B&C + ABD + ACD + AED + BGD + BED
Bach of the products in the listing above is a tree of the graph and thus

is a listing of the parameter sets which will map through the design map.
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